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Organic dyes are widely used in various industries, including textiles, leather, 
paper, printing, food, and cosmetics, etc. It is estimated that over 100,000 
types of organic dyes have been used in large amounts in the world, and about 
2% of the used organic dyes are finally ended up in the industrial effluents, 
generating tremendous volumes of organic dye wastewater. In the current 
world with energy and water shortage, it is vital to develop cost-effective 
technologies for dye wastewater treatment. 
Methyl Orange (MO) is a very popular industrial dye belonging to the azo 
dyes group which represents the largest group of dyes produced and used. MO 
dye can produce severe color in the effluent even at very low concentrations, 
causing obstruction of sunlight penetration into the water body and thus 
affecting the aquatic ecosystems. In addition, MO dye can pose harms to 
various aquatic lives, such as flora and fauna, attributed to MO dyes 
cytotoxicity and phytotoxicity. Up till now, there have been various processes 
developed to treat MO dye wastewater through the physical, chemical or 
biological methods. Advanced Oxidation Processes (AOPs) have been 
considered as a group of highly competitive technologies for remediation of 
refractory organic pollutants including MO. The hydroxyl radicals (or OH∙) 
generated in AOPs have high oxidation potential (E°≈2.80 V). They can act as 
powerful oxidants, breaking down the recalcitrant or refractory organic 
pollutants into smaller and non-harmful molecules or even CO2 and H2O. 
Among the various AOPs, TiO2/UV heterogeneous photocatalysis has gained 
most attention in recent years in treating MO dye wastewater, largely 
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attributed to TiO2 that has the advantages of good photo catalytic activity, high 
chemical stability, non-toxicity and easy availability. However, because TiO2 
is not effective under visible light radiation (but only under UV) and mostly it 
is effective to be used in the form of fine or nanoparticles, high application 
cost has usually been incurred due to energy consumption from providing UV 
light and particle separation and recovery of the used photocatalyst from the 
treated wastewater. On the other hand, the intermediates produced during the 
TiO2/UV photocatalysis can become more easily biodegradable. Hence, to 
allow a more cost-effective practice, TiO2/UV oxidation can be integrated 
with biological process as a pre-treatment to achieve more effective and 
efficient decolorization and mineralization of the MO dye.  
In this thesis, a TiO2-Graphene Oxide (GO) composite photocatalyst was first 
prepared and then immobilized onto the activated carbon loaded 
polypropylene granules as a buoyant substrate to obtain a buoyant TiO2-GO 
composite photocatalyst. The prepared composite photocatalyst was found to 
show enhanced UV-Vis photocatalytic activity and achieve higher MO dye 
degradation efficiency than the buoyant TiO2 photocatalyst without the GO 
modification. The prepared TiO2-GO composite photocatalyst was further 
applied in the degradation of MO dye in solutions of different concentrations 
with the aid adding other small molecules—formic acid (FA) and FeSO4. FA 
was used as a source to produce more amount of H2O2 under the UV light 
radiation, and FeSO4 used to offer Fe
2+
 ions which can react with H2O2 to 
incur a Fenton-like reaction. Finally, the biodegradability of the MO dye 
wastewater pre-treated through enhanced photocatalysis using TiO2-GO plus 
FA-FeSO4 was examined, and an integrated of photocatalysis and aerobic 
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biological degradation process in a lab-scale set-up was developed for MO 
wastewater treatment. The following provides a more detailed description of 
each part of the study. 
In the first part of the study, a facile method was developed to prepare a novel 
buoyant composite photocatalyst that loaded with TiO2-GO nanocomposites. 
Firstly, a slurry solution containing TiO2-GO nanosheets was prepared. Then, 
the TiO2-GO nanosheets were immobilized onto the activated carbon loaded 
polypropylene granules as the substrate by a solution deposition method. 
Characterization analyses, including Field Emission Scanning Electron 
Microscope (FESEM), X-ray Photoelectron Spectroscopy (XPS), Thermal 
Gravimetric Analysis (TGA) and UV-Vis Spectroscopy, were conducted. It 
was found that the TiO2 particles were anchored onto GO sheets uniformly. 
The prepared composite photocatalyst showed enhanced photocatalytic 
activity under the UV-Vis irradiation, especially in the visible light range. The 
band gap energy of the prepared composite photocatalyst decreased to 2.67 eV 
from 2.99 eV for TiO2. The highest photocatalytic activity was achieved when 
about 2.81% wt of GO was present with TiO2 in the composite photocatalyst. 
Good degradation result was achieved by the buoyant TiO2-GO composite 
photocatalyst at the optimum GO ratio for MO dye degradation. 
In the second part of the study, FA was applied in a novel way as an enhancer 
of photocatalysis to degrade MO dye. The concentration of H2O2 was 
monitored in the FA solution under UV-Vis light irradiation. It was confirmed 
that considerable amount of H2O2 was generated in this process. Next, radical 
scavenger tests confirmed that the main effective oxidant in the process for 
MO dye degradation was the OH∙ radical. UV-Vis Spectroscopy and Total 
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Organic Carbon (TOC) analyses were conducted, showing that MO dye 
wastewater can be effectively decolorized and partially mineralized. Various 
parameters, including MO initial concentration, FA dosage, O2 supply and 
solution pH, were all found to have influence on the photocatalysis efficiency. 
From the High Performance Liquid Chromatography (HPLC) and Liquid 
Chromatography-Mass Spectrometry (LC-MS) analysis, intermediate by-
products were detected during the degradation processes. In addition, the 
degradation efficiencies of MO dye were compared between the processes 
using FA and H2O2, and FA was found to be much more powerful in the 
mineralization of MO dye than the conventional oxidant of H2O2. The results 
add great value to the AOPs technology for treating recalcitrant dye 
wastewater with more choices.  
In the third part, the focus was on the treatment of MO dye wastewater by the 
photocatalysis using the buoyant TiO2-GO composite photocatalyst, but 
enhanced by adding FA and FeSO4 to improve the treatment efficiency. TOC 
analysis results showed that the mineralization rate followed the trend of 
FA/O2/UV-Vis+FeSO4+TiO2-GO > FA/O2/UV-Vis+FeSO4 > TiO2-GO in the 
first 2 hours of MO degradation, after which the degradation process appeared 
to be stalled, possibly due to the accumulation of degradation intermediate by-
products. Adding FeSO4 was found to increase the MO dye degradation 
efficiency as well. The optimal combination of FA concentration and TiO2-
GO dosage were determined from obtaining the highest degradation rate of 
MO dye in the first 2 hours. One event of dosing FA+FeSO4 and TiO2-GO 
was applied since multiple events of dosing did not show noticeable 
improvement in the degradation efficiency. 
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In the final part of the study, an integrated photocatalysis and aerobic 
biological degradation process was developed for the treatment of MO dye 
wastewater treatment. Based on the results in the previous part, a photocatalyst 
dosage program was proposed and tested. In the first 6 hours, only 
homogeneous photocatalysis took place by dosing FA+FeSO4 at the very start, 
and then wastewater was transferred into aerobic biodegradation for 18 hours. 
After that, another 6 hours homogeneous plus heterogeneous photocatalysis 
was conducted, and the wastewater went into aerobic biodegradation for 
another 18 hours as the final treatment. The overall integrated process, 
including 12 hours of photocatalysis and 36 hours of biological degradation, 
achieved 90% decolorization and nearly 90% mineralization for MO dye 
solution at the concentration of 200 mg∙L-1. The novel process exhibited better 
treatment performance than conventional biodegradation method, and was 
more cost effective than using photocatalysis alone. After 48 hours, toxic 
aromatic intermediates were no longer detected in the solution or mere 
completely eliminated.  
In conclusion, in this study, buoyant TiO2-GO composite photocatalyst was 
successfully prepared to enhance the photocatalytic activity of the P25 TiO2 
photocatalyst for the removal of recalcitrant dye in aqueous solutions. Formic 
acid (FA) was demonstrated as an effective process enhancer producing more 
H2O2 and OH∙ radicals. At low concentration of MO dye, FA and TiO2-GO 
combination produced synergetic effect; while at higher MO concentration, 
using FA alone achieved higher degradation efficiency. The integrated 
photocatalysis and biodegradation process showed excellent treatment 
performance, showing a promising solution for dye wastewater treatment.  
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Chapter 1 Introduction 
 
 
1.1  Overview 
With the development of technologies in various fields to meet the growing 
demands of human beings, new refractory organic compounds are emerging in 
industries and present in large amounts of wastewater streams. In most 
situations, these compounds are xenobiotic, meaning that they are difficult to 
be eliminated by natural processes of metabolism (Jeworski et al., 2000). At 
the same time, the increasing population of human beings requires increasing 
amount of water supply. Both situations have presented a severe problem of 
available water resources scarcity. Hence, effectively treating and reusing the 
refractory organic wastewater is one of the important solutions.  
Among refractory organic compounds, organic dyes account for a 
considerable portion. Up till now, there exist over 100,000 types of 
commercial dyes, and they are produced at a rate of more than 7×10
5
 tons per 
year (Robinson et al., 2001). Large quantities of dye wastewater have been 
generated from various industries such as textiles, leather, paper, printing, 
food and cosmetics. Among all the dyes produced, about 2% of them are 
finally ended up in the discharged effluent (Pearcea et al., 2003). Dye 
wastewater can create severe color in the natural or receiving water body even 
at very low concentrations, which obstructs the sunlight penetration into the 
water body and therefore affects the aquatic ecosystems (Kuo, 1992). Up to 
now, the impacts of dye wastewater on aquatic organisms have been 
extensively studied in different aspects, such as fungicidal activity (Oros et al., 
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2001), phytotoxicity (Mala et al., 2005), fish mortality and end point growth 
responses (Sharma et al., 2007), etc.  Since organic dyes pose great harms to 
the environment, dye wastewater must be properly treated to satisfy the 
stringent water quality standards before it is discharged.  
With the aim of effectively destroying recalcitrant organic dyes in wastewater 
and achieving water reuse, researchers have made great efforts to develop 
various purification technologies. Figure 1.1 summarizes the main groups of 
methods developed for organic dyes removal from wastewaters. These include 
physical-chemical methods, chemical methods, Advanced Oxidation Processes 
(AOPs), microbiological treatments, enzymatic decomposition and 
electrochemical methods (Martínez-Huitle et al., 2009). Physic-chemical 
processes such as adsorption, coagulation, filtration and ion exchange have 
shown good performance in decolorization, but they only transfer the dye 
molecules from one phase to another and the dye molecules are not destroyed. 
Moreover, the sludge formed or spent materials from the processes often lead 
to secondary pollution. Chemical oxidation processes utilizing ozone, 
hypochlorite ions etc. are able to degrade organic dyes, but some chlorine or 
haloid by-products may be generated during the processes, which generates 
harmful effect to the aquatic ecosystem (Moldoveanu et al., 2007). On the 
other hand, there are storage and operational safety problems connected with 
the chemical method due to the instability and toxicity of some chemical 
reagents (Jhun et al., 2014; Almstrand et al., 2015). Biological technologies 
apply microbiological cultures to degrade the organic pollutants. 
Unfortunately, biological processes are not very efficient for many organic 
dyes because of their bio-resistant nature. Hence, proper pre-treatment is often 
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needed to enhance the biodegradability of various dye wastewaters (Lei et al., 
2011; Murali et al., 2013). Some alternative methods to those well-established 
techniques include electrocoagulation, electrochemical processes, etc. They 
may show better treatment efficiency than conventional physical-chemical 
methods, but can lead to higher operation cost due to the consumption of 
electricity (Yuksel et al., 2011; Szpyrkowicz et al., 2001).  
 
Figure 1.1 Main methods used for the removal of organic dyes from 
wastewaters (Martinez-Huitle et al., 2009) 
In the last one or two decades, a special class of oxidation techniques named 
as Advanced Oxidation Processes (AOPs) have received increasing attention, 
especially for the removal of refractory organic pollutants (Glaze et al., 1987; 
Glaze, 1994). AOPs refer to a group of processes that operate at or near 
ambient conditions and generate sufficient quantities of hydroxyl radicals 
(OH∙) that are able to oxidize highly toxic and low biodegradable chemicals 
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present in wastewater (Andreozzi et al., 1999). The hydroxyl radicals are 
found to be very strong oxidative species that can attack many organic 
molecules that are in contact non-selectively. Specifically, AOPs can include 
such methods such as Fenton (Fe
2+
/H2O2), TiO2/UV, H2O2/UV, O3/UV, and 
H2O2/O3, etc. In these methods, TiO2/UV heterogeneous photocatalysis has 
emerged as one of the most popular remediation approaches for dye 
wastewater treatment (Chan et al., 2011). The advantages include easy 
availability, low cost, nontoxicity, relatively high chemical stability and good 
photo reactivity for the TiO2-based photocatalyst systems. As shown in Eqs. 
(1.1) ~ (1.7) below, the TiO2/UV photocatalysis process can be initiated by 
UV irradiation (ƛ<390 nm) of the TiO2 semiconductor to excite an electron 
from the valence band (VB) to the conduction band (CB), resulting in the 




). Both the highly 
oxidative valence band hole (h
+
) and the OH· radicals can react with the 
organic dyes, degrading them into smaller and harmless species. The reaction 
of the photo-generated holes with hydroxyl ions and water molecules adsorbed 
on the surface of TiO2 would yield the OH· radicals as well (Khataee et al., 
2010; Konstantinou et al., 2004).  
𝑇𝑖𝑂2 + ℎ𝜗 (ƛ < 390 𝑛𝑚) → ℎ
+ + 𝑒−                              (1.1) 
𝑒− + 𝑂2 (𝑎𝑑𝑠) → 𝑂2
− ∙ (𝑎𝑑𝑠)                                       (1.2) 
𝑒− + 𝐻+ (𝑎𝑑𝑠) → 𝐻 ∙ (𝑎𝑑𝑠)                                       (1.3) 
ℎ+ + 𝑂𝐻−(𝑎𝑑𝑠) → 𝑂𝐻 ∙ (𝑎𝑑𝑠) (𝑖𝑛 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)              (1.4) 
ℎ𝑉𝐵+ + 𝐻2𝑂 (𝑎𝑑𝑠) → 𝐻
+ + 𝑂𝐻 ∙ (𝑎𝑑𝑠) (𝑝𝐻 ≥ 7)                  (1.5) 
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ℎ𝑉𝐵+ + 𝐷𝑦𝑒 → 𝐷𝑦𝑒 ∙+→ 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝑦𝑒                   (1.6) 
𝑂𝐻 ∙ (𝑎𝑑𝑠) + 𝐷𝑦𝑒 → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝑦𝑒                         (1.7) 
Although TiO2 is a preferred photocatalyst in research for dye wastewater 
treatment, the TiO2/UV photocatalysis system has been far from 
industrialization on a large scale. One of the obstructions often lies in the 
separation and recovery of the TiO2 photocatalyst. To have greater efficiency, 
TiO2 is often produced and used in the form of fine or nanoparticles, thus 
needing an additional step to separate the TiO2 particles from the treated 
wastewater. To avoid this problem, various supports and immobilization 
methods have been developed to ease or eliminate the TiO2 separation and 
recovery issue. Examples include the immobilization of TiO2 nanoparticles on 
glass reactor wall, quartz optical fibre, glass fibre, fabric, wool, glass beads, 
micro-porous cellulose membranes, alumina clays, ceramics, monoliths, 
zeolites, stainless steel, anodized iron and polythene films, etc. (Pozzo et al., 
1997). Although these approaches simplify the separation and recovery steps 
of the TiO2 photocatalyst, they may also lead to the reduction of the 
photocatalysis efficiency. The reason is that in most cases, TiO2 particles are 
connected with the macro substrates via chemical linkages, which reduces the 
reaction sites on the surface of TiO2 together with fewer amounts of TiO2 
particles immobilized on the substrates. Another challenge is usually related to 
the lack of visible light activity of TiO2. With the band gap energy at 3.2 eV, 
TiO2 can only absorb UV light with the wavelength shorter than 390 nm 
which only accounts for a small part (5%) of the solar or sunlight energy 
(Belessi et al., 2014; Ochiai et al., 2012). Facing the global energy shortage, 
we try to enhance the light reactivity of TiO2 especially in the visible light 
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range to exploit the solar light source, which has become an important effort. 
To this end, different techniques have been examined and various chemicals 





or in light absorption, including the use of non-metals such as N, F, S, C and 
Cl; and metals such as Fe, Ag, Au, Pd, Mn, Pt, V, Cr, Co, Mo, Ni, Cu, Y, Ce 
and Zr (Hui et al., 2009; Yu et al., 2003; Tang et al., 2008; Scarisoreanu et al., 
2013; Zhang et al., 2009; Herrmann et al., 1997; Brezová et al., 1997; Kim et 
al., 2005; Maicu et al., 2011; Inturi et al., 2014).  
In consideration of the complex nature of dye wastewater, the use of TiO2/UV 
photocatalysis process as the sole applicable end-of pipe solution would have 
great limitation (Oller et al., 2011). It may be technically and economically 
feasible or advantageous to combine different technologies. Hence, the 
integration of TiO2/UV photocatalysis and biological treatment for the 
degradation of dye wastewater can become a promising approach (Hai et al., 
2007). Biological treatment is a relatively mature technology and is often an 
environmentally friendly and economically cheap process. TiO2/UV 
photocatalysis however can be adopted as a pre-treatment process, which can 
transform non-biodegradable dye molecules into biodegradable intermediates 
for further biological treatment. By this approach, any toxicity to 
microorganisms can be reduced or even eliminated, thus enhancing the 
biodegradation efficiency of the dye wastewater treatment. Biological 
treatment process can utilize the intermediates in the metabolism cycles of the 
microorganisms, and eventually lead to the total degradation of those 
intermediates into harmless compounds such as CO2 and H2O, effectively. Up 
to now, sequencing batch reactor (SBR), biofilm reactor, membrane bioreactor 
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(MBR) etc. have been reported to be studied combining with photocatalysis to 
improve the ultimate treatment performance of various recalcitrant wastewater, 
including the dye wastewater (You et al., 2010; Li et al., 2012; Harrelkas et al., 
2007).  
In order to operate integrated TiO2/UV photocatalysis and biological 
degradation system to treat dye wastewater, one of the questions concerned 
may be to what extent each of the processes should play the role to maximum 
the overall treatment efficiency. A possible mechanism may be that the 
photocatalysis should be operated firstly so that MO dye molecules are 
effectively degraded and the produced intermediates should have high 
biodegradation efficiency, thus achieving high overall system treatment 




1.2  Research objectives and scopes 
Based on the overview above, TiO2/UV photocatalysis is a promising 
technique in the application of dye degradation. However, many issues remain 
to be settled before its wide application, such as effective separation of TiO2 
particles, effective light utilization efficiency of TiO2, especially for the visible 
light. Moreover, to achieve cost-effective issues for dye wastewater treatment, 
exploration may be conducted for the feasibility to integrate TiO2/UV 
photocatalysis with biological degradation process. With this in mind, the 
overall objective of this study is to develop an integrated TiO2/UV-Vis 
photocatalysis and aerobic biological degradation process with enhanced 
performance for MO dye removal. This is will be achieved by preparing a 
buoyant TiO2-based composite photocatalyst, which can not only have 
enhanced light utilizing efficiency at the water-air interface to minimize light 
attenuation in the water medium, but also avoid the separation difficulty of 
photocatalyst particles in the treated water. In addition, TiO2 will be modified 
by Graphene Oxide (GO), a kind of planar carbonaceous material, to extend its 
light activity into the visible light range. In order to assist the photocatalysis 
process and improve the biodegradability of the dye wastewater, other agents, 
including formic acid and FeSO4 will also be dosed into the system to create 
additional Fenton-like reaction in the photocatalysis process, which is 
expected to more effectively degrade MO dye and produce easily 
biodegradable carbon source to promote the final biodegradation process. The 
specific scopes of the study are listed below: 
(a) To prepare a novel buoyant TiO2-GO composite photocatalyst and 
characterize its properties, such as the composition, chemical bonding, 
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crystallization nature, surface element oxidation state and light 
absorption. The prepared buoyant composite photocatalyst will be 
evaluated for its activity and reproducibility in MO dye degradation.  
(b) To investigate a new process of dye wastewater treatment by a 
FA/O2/UV-Vis system. Effects of various parameters such as initial 
concentration of dye, formic acid dosage, O2 supply, pH, and treatment 
duration on the decolorization and mineralization efficiency of MO 
dye are to be examined. Oxidative reactive species produced in the 
process are to be identified and monitored. A comparison of the 
efficiency and cost by using FA/O2/UV-Vis new system will be made 
with the existing H2O2/UV-Vis system in practice.  
(c) To study the synergistic effect between buoyant TiO2-GO composite 
photocatalyst and the agents of formic acid+FeSO4, the dosage of 
formic acid and TiO2-GO composite photocatalyst is varied to achieve 
optimum degradation of MO dye. The dosing sequence and timing of 
the photocatalyst will be investigated to explore their effect on MO dye 
degradation. At the optimum dosage and sequence, the synergistic 
effect of the buoyant TiO2-GO composite photocatalyst and formic 
acid in longer experimental runs are to be performed to examine the 
decolorization and mineralization rate in MO dye removal, as well as 
in the type and nature of generated intermediate by-products.  
(d) To integrate the photocatalysis under the optimum condition obtained 
above with an aerobic biological degradation process. The optimum 
time and extent of degradation required by the photocatalysis for the 
MO dye wastewater before transit to the biological processes for a 
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higher degradation are to be investigated. The biodegradability of the 
effluent pre-treated by the photocatalysis process is to be evaluated. 
The optimum combination system for photocatalysis coupled with 
biological degradation is to be examined to achieve better extent of dye 




1.3  Organization of the thesis 
Chapter 1 gives a brief overview of the research area related to this research 
project, and defines the specific research objectives, as well as the scope of the 
project.  
In Chapter 2, a more detailed and extensive review on the related subjects is 
provided, including the current situation and properties of organic dye 
wastewater, the technologies developed for dye wastewater treatment, 
mechanisms of TiO2 photocatalysis, the methods for TiO2 immobilization and 
modification, the combination of heterogeneous and homogeneous 
photocatalysis, and the integration of photocatalysis with biological 
degradation for dye wastewater treatment. The review is trying to outline the 
current state of the art in the relevant fields of interest to this study. 
Chapter 3 presents the preparation of the TiO2-GO composites by a facile 
method. First, a slurry solution containing TiO2-GO nanosheets is prepared by 
sonication and heating. Then, the TiO2-GO is immobilized onto buoyant PP 
substrate that covered with activated carbon. Characterization for the 
composite materials and photocatalysis tests for MO dye degradation are 
conducted to show the characteristics and performance of the obtained 
buoyant TiO2-GO composite photocatalyst. 
In Chapter 4, photo degradation of Methyl Orange dye by a system of 
FA/O2/UV-Vis is investigated. Experiments are conducted to evaluate the 
decolorization and mineralization performance of the system. High 
performance liquid chromatography (HPLC) analysis is used to monitor the 
intermediates produced and formic acid consumed in the process. Various 
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process parameters and their effects on the photocatalysis efficiency of MO 
dye are analyzed with the attempt to demonstrate the role and effectiveness of 
FA/O2/UV-Vis system as a new method for MO dye removal. 
In Chapter 5, the photocatalysis of MO dye wastewater by combined TiO2-GO 
composite photocatalyst plus FA is investigated. A series of experiments are 
conducted to examine the synergistic effect, if any, of the two degradation 
approaches.  
Finally in Chapter 6, further study in the integration of the photocatalysis with 
aerobic biological degradation process is attempted. Biodegradability of MO 
dye by photocatalysis described in Chapter 5 at different time durations are 
evaluated and compared. Then, MO dye wastewater is treated by the 
integrated photocatalysis and aerobic activated sludge process, and different 
combinations in the process time for photocatalysis and biological process are 
investigated.  
At the end of the thesis, Chapter 7 provides a summary of the research project 





Chapter 2 Literature Review 
 
 
2.1  Properties and current situations of dye wastewater 
Every year, large amounts of dyes are produced and used in different 
industries, producing millions of tons of dye wastewater, which makes it a 
serious global environmental issue. Dye molecules usually contain 
chromogenic groups and there are about 12 classes of chromogenic groups 
being identified up to now according to their chemical structures, usage, or 
application methods (Bizani et al., 2006). Particularly, on the basis of 
chemical structure, azo dyes, anthraquinone dyes and phthalocyanine dyes 
consist of a few typical and major groups of dyes. Among them, azo dyes 
make up approximately 70% of all the dyes utilized in the world (by weight), 
becoming the largest group of dyes released into the environment (Zollinger, 
1987). 
Many countries have set stringent emission standards for dye wastewater, 
including COD and colour, etc. In China, for example, the integrated 
wastewater discharge standard (GB 8978-1996) specifies that the colour and 
COD of the wastewater to be discharged should not exceed 50 mg∙L-1 and 60 
mg∙L-1, respectively. In Singapore, the COD of wastewater discharging into a 
watercourse should not exceed 100 mg∙L-1, and the colour not be more than 7 
lovibond (degrees lovibond" or "L" scale is a measure of the colour of a 
substance). In reality, dye wastewater often not only has high COD value and 
high colour index, but also low BOD/COD ratio which makes it hard for dye 
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wastewater to be effectively treated by traditional techniques, especially the 
biological method (Meenatchisundaram et al., 2013).  
Particularly, colour is one of the most serious problems with dye wastewater. 
It can present a severe colour problem even if a tiny amount of dye is 
discharged into the receiving water body. Many types of dyes may produce 
colour at various extent due to a number of reasons: 1) they absorb light in the 
visible spectrum (400–700 nm); 2) they have at least one chromophores 
(colour-bearing group); 3) the molecules have a conjugated system, i.e. a 
structure with alternating double and single bonds; and 4) they exhibit 
resonance of electrons (which is a stabilizing force in organic compounds). 
When any one of these features is present in the molecular structure, colour 
can be produced. 
 
The common chromophoric groups are often presented in 
many organic dyes, including azo, anthraquinone, methine, phthalocyanine, 
nitro and triarylmethane dyes.  
Besides, dyes often have considerable adverse effects on various organisms, 
posing a serious threat to the environmental safety. Mutagenicity, 
carcinogenicity, cytotoxicity, hepatotoxicity, nephrotoxicity and 
gametotoxicity are some of the effects with dyes that have been revealed (Patil 
et al., 2013; Sharma et al., 2008; Chen, 2002; An et al., 2007; Pandey et al., 
2007). Therefore, many of the dyes are potentially hazardous to the human 
beings, making occupational exposure of workers in the dye producing and 
utilizing industries a great concern as well (Saratale et al., 2011).  
Apart from the high colour index and toxicity, dye wastewater is also 
characterized by high contents of suspended solids, high COD concentration, 
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as well as with highly fluctuating pH values. All of these have made dye 
wastewater treatment an imperative issue that requires intensive attention and 
needs cost-effective technologies.  
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2.2  Existing technologies for dye wastewater treatment 
Considerable efforts have been made for the removal of dyes from wastewater 
with different technologies. In terms of their general natures, the technologies 
can be divided into two major groups: non-destructive and destructive ones. 
Non-destructive technologies include adsorption, sedimentation, membrane 
filtration, and coagulation or electrocoagulation (EC), etc. Destructive 
technologies may be further classified into two groups: Advanced Oxidation 
Processes (AOPs) and the biodegradation processes. 
2.2.1 Non-destructive technologies 
Non-destructive technologies make efforts to aggregate or capture dyes in 
wastewater and separate them. Searching academic articles published by 
Scopus during 2008-2015 about treating organic dye wastewater by related 
technology as keywords, it has come with the results that adsorption 
technology is studied most, followed by coagulation/flocculation, membrane 
filtration, and electrocoagulation. 
Adsorption is a well-established technology that can be dated back to the 
ancient times. It is a process by which molecules of a substance, such as a gas, 
a liquid or a solid can be collect on the surface of another substance. Some of 
the adsorbents commonly used in dye adsorption include alumina, silica gel, 
zeolite and activated carbon (Forgacs et al., 2004). They all have relatively 
large surface areas and show good adsorption capacities for dyes, among them 
activated carbon appear to be the most popular adsorbent. Since the use of 
many of the traditional adsorbents is expensive and the cost is often a main 
issue in dye adsorption application, the development of low-cost adsorbents 
(LCAs) has become a popular topic in dye adsorption in recent years.  LCAs, 
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originated from natural materials such as wood, peat, coal, lignite, or 
industrial/agricultural/domestic wastes or by-products such as slag, sludge, fly 
ash, bagasse fly ash, red mud, etc., have been reported  (Gupta, 2009). 
However, these LCAs have generally had low adsorption capacities and would 
have to be used in large amounts, which increases the difficulty for their post 
treatment or regeneration cost (Sanghi et al., 2013).  
Coagulation/Electrocoagulation processes are also widely reported in the 
literature. During the coagulation processes, organic dyes are often bonded by 
metal species onto their anionic sites, and so their charges are neutralized and 
solubility reduced, leading to better separation efficiency. In other cases, dyes 
are bonded with materials by the electrostatic attraction mechanism, such as 
using chitosan (Szyguła et al., 2013).  The metal species used as the 
coagulants are most commonly to be FeCl3 and alum. FeCl3 and alum 
coagulants have been found to effectively coagulate azo direct dyes, but with 
some limited efficiency for azo reactive dyes (Guendy, 2010). The bio-
material Chitosan was also demonstrated to be suitable to treat the anionic 
dyes, but it is not good for the adsorption of cationic or non-ionic dyes, due to 
their electro-static repulsion mechanism. Compared with conventional 
coagulation, the electrocoagulation (EC) process shows an advantage of no 
major chemical addition. Yuksel et al. (2011) have made a techno-economic 
comparison between coagulation and electro-coagulation. Their results 
indicated that EC was faster and more economic, consumed less material and 
produced less sludge, and the pH of the solution was more stable than that of 
chemical coagulation at higher pollutant removal levels (Yuksel et al., 2011). 
However, both chemical coagulation and electrocoagulation processes have 
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the shortcomings of unavoidably producing addition sludge that need a post-
treatment. 
Membrane filtration is another technology that has been studied in the 
treatment of organic dye wastewater. Different types of membranes including 
Reverse Osmosis (RO), Nanofiltration (NF), and Ultrafiltration (UF) etc. have 
been tested for the removal of organic dyes. Due to the particular’s molecular 
weights or sizes of organic dyes, most of those researches used UF and NF. 
Over 90% retention of dye molecules and 80%-100% COD retentions of the 
wastewater has been reported (Aouni et al., 2012). Similar to other non-
destructive technologies, membrane filtration process does not alter the 
chemical structures of dyes separated, and in most situations further post-
treatment is needed to degrade the separated dyes in the concentrated stream. 
Besides, rapid fouling of membranes by organic dyes has been an issue of 
concern. 
2.2.2 Destructive technologies 
Biological treatment is an established treatment technology in this group. It 
has been used to treat wastewater containing various organic dyes. The 
technology includes the anaerobic and aerobic oxidation processes, both of 
which have been found to have their own merits in different stages of the 
organic dye degradation. Anaerobic treatments are effective at cleavage of the 
azo bond (-N=N-), resulting in decolourised reactive azo dyes that are the 
largest group of dyes and consist of about 70% of the total dye production in 
the world (Chakraborty et al., 2003). Once the azo bond being cleaved and 
aromatic amines formed as the major intermediates, they are found to be 
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resistant to further anaerobic degradation but become degradable under 
aerobic condition (Beydilli et al., 1998; Brown et al., 1987). 
There have been many studies about aerobic, anaerobic or aerobic-anaerobic 
combined oxidation processes to treat wastewater containing organic dyes. 
However, the instability of reactor performance remains a bottleneck of the 
problems. One reason is that most dyes cannot be utilized by microorganisms 
as the growth substrate. In the example of azo dyes, the electron-withdrawing 
nature of the nitro group, together with the stability of the benzene ring, makes 
the nitro-aromatic compounds resistant to oxidative degradation (Haug et al., 
1991). There are very few species of bacteria that can grow on azo dye 
compounds to utilize them as the sole carbon source. Other species may 
reductively cleave azo bonds and utilize amines as the sole source of carbon 
and energy for growth.
 
Within the few kinds of bacteria, many of them can 
only feed on one or several types of dyes, which have limited their application 
prospect in various dye wastewater treatment (Ju, 2010).
 
Another reason for 
reactor instability is the toxicity of organic dyes and their degradation 
intermediates generated during the biological treatment process. Genotoxicity 
and pro-oxidant effects were observed in the biodegradation extracts of 
Pseudomonas putida mt-2 cultural media after the treatment of three kinds of 
azo dyes (Sarayu et al., 2012). A number of review articles have specifically 
addressed the issue of the toxicity and mutagenicity of the nitro-aromatic dye 
compounds (Lotufo et al., 2009). 
In recent years, AOPs have attracted many researchers’ interest in wastewater 
treatment. Advanced oxidation processes are a group of processes that 
generate hydroxyl radicals that are able to oxidize a majority of the complex 
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chemicals present in various effluents. Hydroxyl radicals are powerful 









 (Padda et al., 2003), and hence, compared with biological treatment, 
AOPs usually have a much higher reaction rate. Also, biological toxicity of the 
dye compounds would not become an issue of AOPs. 
Based on whether reactions in AOPs are in the same phase or not, AOPs are 
classified into homogeneous and heterogeneous. Homogenous processes use 
O3, H2O2 or Fenton reactors with or without UV/ultrasound/electricity 
assistance. Heterogeneous processes refer to the oxidation processes taking 
place between two phases, and they often use solid catalysts such as TiO2 and 
ZnO. UV is commonly used in heterogeneous processes. The related processes 




2.3  Photocatalysis of dye wastewater by TiO2 photocatalyst 
2.3.1 Photocatalysis mechanism 
A photocatalyst is characterized by its capability to adsorb simultaneously two 
reactants that can be reduced and oxidized by a photonic activation though an 
efficient absorption. The ability of a semiconductor to undergo photo-induced 
electron transfer to an adsorbed particle is governed by the band energy 
positions of the semiconductor and the redox potential of the adsorbates (hν ≥ 
Eg) (Hoigné et al., 1983).  
The photooxidation process is initiated by UV irradiation of the semiconductor 
to excite an electron from the valence band (VB) to the conduction band (CB), 
resulting in the formation of a high energy electron-hole pairs. The highly 
oxidative valence band hole may directly react with the surface-adsorbed 
organic molecule or indirectly via the formation of the OH· radicals. The 
reaction of the photo-generated holes with hydroxyl ions and water molecules 
adsorbed on the surface of a photocatalyst yields hydroxyl radicals as well. 
Also, the conduction band electron (eCB
−
) is negative enough to reduce the 
oxygen molecules present in the solution. The generated hydroxyl radicals are 
powerful oxidizing agents and can attack dyes present at the surface of the 
TiO2 photocatalyst or near it (within 500 µm), but the reaction rate of 
hydroxyl radicals with dyes decreases as their distance from the photocatalyst 
surface increases (Konstantinou, 2004).  
So far, TiO2 has been the mostly studied photocatalyst. Under the visible light 
irradiation (ƛ > 420 nm), the mechanism of TiO2 photosensitized oxidation of 
dye is not the same as the pathway under UV light irradiation. With the 
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irradiation of visible light, adsorbed dyes are excited to singlet or triplet states. 
After that, electron is injected from the excited dye onto the CB of TiO2, 
whereas the dye is transferred to become the dye radicals (Dye*∙) and 
degraded to form intermediate by-products, see Figure 2.1 (Stylidi et al., 2003). 
In photocatalysis systems applying sunlight or simulated sunlight, both 
photooxidation and photosensitization mechanisms will occur. The effects of 
photooxidation and photosensitization are however hard to compare. The 
photosensitization has been seen as an important mechanism that has positive 
effect on enhancing the overall photocatalysis efficiency (Epling et al., 2002).  
 
Figure 2.1 Mechanisms of generation of oxidative species under solar light 
(Stylidi et al., 2003) 
2.3.2 Modification of TiO2 photocatalyst 
The TiO2 photocatalyst usually encountered a number of problems: difficult in 
post-separation because it is often used in nanoparticle form, light reactivity 
only to UV light and low adsorption capacity toward organic compounds. 
Targeted to solve these problems, various modification methods have been 
developed or attempted to improve the performance or efficiency of the TiO2 
photocatalyst for dye wastewater treatment.  
Aiming at expanding the light reactivity of TiO2, researchers have made 
efforts to enable its activity in the visible light range. The major mechanisms 
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 recombination and the activity 
narrowing band gap. 




 recombination, noble metals such as Au, Ag and Pt 
have been applied with TiO2 to act as the electron traps. However, the high 
price of the noble metals has greatly inhibited their wide practical applications 
in TiO2 modification. 
Surface sensitization of TiO2 by organic materials such as dyes, polymers and 
other organics, has been found to be able to narrow the bad gap and expand 
the light absorption range of TiO2 (Jiang et al., 2007). The practice suffers 
from the fact that many of these sensitizers are harmful organic pollutants 
themselves and they have the potential to be degraded by TiO2, leading to the 
problem of water quality risk and unstable photocatalysts efficiency. 
Band gap narrowing may also be achieved by coupling semiconductors like 
Bi2S3, CdSe and V2O5 with TiO2 (Bessekhouad et al., 2004; 2006; Ho et al., 
2006; Jianhua et al., 2006). These semiconductors can absorb visible light and 
inject electrons into the CB of TiO2, promoting them to move to the surface of 
TiO2 and generating more highly oxidative species (Rehman et al., 2009). On 
the other hand, the photocatalytic activity of the coupled semiconductor and 





recombination because more charge carriers may accumulate on the surface of 
TiO2. Moreover, some semiconductors have been reported to encounter the 
problem of photocorrosion because of the holes not being engaged in redox 




TiO2 was also doped with non-metal materials such as N, S, F, B etc. Among 
these, carbon based materials such as carbon nanotubes (CNT), activated 
carbon (AC) and, more recently, graphene oxide (GO), have attracted 
tremendous interests, due to their nature of cheap raw materials, electrons 
transporting properties and high adsorption capacity. Especially, GO could be 
considered as the graphene functionalized by carboxylic acid, hydroxyl, and 
epoxide groups (Xiaozhu et al., 2009). Compared with other carbonaceous 
materials, GO has many distinctive advantages, including unique one atom 
thick 2D planar structure, large specific surface area, high light transparency 
and good interfacial contact with other materials. More importantly, GO has 
been found to possess the properties of either a p-type or n-type semiconductor 
(Gilje et al., 2007; Xiaosong et al., 2008). Thus, GO has been endowed with 
vast application values in the photocatalysis area. There have been many 
researches about anchoring TiO2 nanoparticles onto GO, achieving enhanced 
photocatalysis efficiency under both the UV light and visible light irradiation, 
and being able to degrade organic dyes such as Methyl Orange (MO) and 
Methylene Blue (MB) effectively (Chen et al., 2010; Liu et al., 2013).  
On the other side, conventional practice of using TiO2 in the powder form has 
a number of drawbacks, such as low light utilization efficiency due to light 
attenuation loss in suspension, high cost in post-treatment for recovery, and 
potential risk for human beings or aquatic lives due to leaking of TiO2 
nanoparticles into the environment. Therefore, TiO2 and modified TiO2 
particles have been immobilized onto different macro supports to make TiO2 
photocatalysis a more effective or efficient method as the dye wastewater 
treatment technology (Ajmal et al., 2014). 
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Among those attempts, polymer-supported buoyant photocatalysts becomes a 
promising field in recent research. As a substrate for TiO2 immobilization, 
polymer supports own several advantages, including flexibility in size and 
structure, low cost, good chemical resistance and mechanical stability, low 
density, high durability and ready availability (Singh et al., 2013). Among the 
various polymer substrates, polystyrene beads, granules or fabric, and low 
density polyethylene etc. have been applied for TiO2 immobilization (Fabiyi et 
al., 2000; Han et al., 2009; Magalhães et al., 2011). In spite of the many 
advantages, most of the polymer supports usually has little capability in the 
adsorption of dye molecules. 
To improve the mass transfer rate for dye molecules in the solution to the 
surface of photocatalyst, different co-adsorbents have been used to enhance 
the adsorption capacity of the polymer supported TiO2 composite 
photocatalyst. Wenting et al. reported the preparation of TiO2/AC based 
buoyant composite photocatalyst using activated carbon (AC) as the co-
adsorbent, and showed enhanced photocatalytic efficiency in phenol 
degradation (Wenting et al., 2013). It may be expected that buoyant TiO2 
composite photocatalysts with higher adsorption capacity and better visible 
light harvesting property will become an important research area for practical 
application potential in organic wastewater treatment, including organic dye 
wastewater. 
Therefore, based on the literature review above, in this study attempts will be 
made to solve the post-separation of TiO2-based photocatalyst and also 
improve the photocatalytic activity of TiO2, while not applying any expensive 
or harmful materials.  
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2.4  Integrating photocatalysis with other technologies for dye 
wastewater treatment 
2.4.1 Integrating TiO2/UV photocatalysis with other AOPs 
As TiO2/UV photocatalysis shares the common feature, employing OH∙ 
radicals for organic pollutant degradation, with other AOPs, there is possibility 
and feasibility in integrating TiO2/UV photocatalysis with other AOPs to 
further improve the treatment efficiency of dye wastewater. Under ideal 
conditions, the hybrid system may show synergistic effect in the performance, 
as compared with any of the single method.  
One such alternative may be the TiO2/UV/O3 system. As a strong oxidant, 
ozone (O3) can be more easily reduced by e
-
 generated on the surface of TiO2, 
generating OH∙ radicals after a series of reactions (Mousanejad et al., 2014). 




 pairs during this process, 
thus improving the utilization rate of h
+
. However, there was report indicating 
that, in this process the only oxidative species was h
+
, and O3 mostly played a 




 (Ye et al., 2009). 
H2O2 is another powerful oxidant in AOPs which can be added into the 
TiO2/UV system to optimize the performance. Up to now, many reports have 
demonstrated the advantages of integrating H2O2 with TiO2/UV photocatalysis. 
Firstly, H2O2 can trap the photo-generated e
-
 in CB to improve the separation 




 pairs. Secondly, H2O2 can be transferred into the OH∙ 
radicals via photodecomposition, thus increasing the oxidative species in the 
degradation system (Auguliaro et al., 1990). In addition, the surface of 
TiO2 may be modified by the peroxide groups (-OOH) of the adsorbed 
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H2O2 molecules, resulting in the red-shifting of the TiO2 light absorption edge 
into the visible light region (Jin et al., 2011). Thus, H2O2 can be expected to 
help enhance the visible light reactivity of TiO2, which cannot be achieved in 
the TiO2/UV/O3 system.  
Up till now, various integrating methods have been reported for dye 
wastewater treatment by the hybrid TiO2/UV/H2O2 system. One such approach 
is to add H2O2 directly into the aqueous solution of the TiO2/UV 
photocatalysis system. Luo J. et al. reported a high activity for visible light 
driven titanate nanosheets photocatalysis of Rhodamine B with the presence of 
H2O2 (Luo et al., 2015). In other reports, heterogeneous photo-Fenton process 
was proposed by using Fe-doped TiO2 photocatalyst with H2O2. However, it 
was mentioned that the amount and state of the iron decided the photoactivity 
of the Fe-doped TiO2 photocatalyst, thus requiring additional cost to control 
the conditions such as temperature during the preparation procedures (Qi et al., 
2005; Tryba et al., 2009). 
Based on the comparison between TiO2/O3 and TiO2/H2O2 system, in this 
study H2O2 was selected to integrate with TiO2-based photocatalyst to further 
improve the photocatalytic degradation efficiency of the system. Different 
from any of the existing reports, a small molecule acid, formic acid (FA) is 
applied and dosed into the system in this study instead of H2O2 directly for its 
dual function—adjusting the pH of the system and producing H2O2 in-situ.  
2.4.2 Integrating TiO2/UV photocatalysis with biological processes 
From research results in laboratory to large-scale industrialization, the 
technical efficiency and economic feasibility should both be taken into 
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consideration. Although the TiO2/UV photocatalysis system has been 
considered as an efficient alternative for dye wastewater treatment, the high 
cost has restricted its wide application on industrial scale. One promising 
solution is to integrate TiO2/UV photocatalysis with the biological degradation 
process; the latter often requires much lower cost than the TiO2/UV method.  
In developing the integrated photocatalysis-biological degradation process for 
treatment dye wastewater, how to set the desired target of the photocatalysis 
pre-treatment for the following biological process is an important issue. The 
best pre-treatment time of photocatalysis should be such that intermediates are 
effectively generated and these intermediates become readily biodegradable, 
thus achieving high overall system treatment efficiency but at low energy 
consumption and cost. Treating period longer than this desired extent by 
photocatalysis may not lead to any significant advantage but result in 
increased mineralization of low molecular weight substances that are easily 
biodegradable and should be treated by the biological stage (Jochimsen et al., 
1997). On the other side, not enough treating period may lead to an increase in 
the toxicity of dye wastewater, due to more toxic intermediates generated 
(Chebli et al., 2011). 
When introducing the photocatalytic dye solutions into the biological 
treatment stage, parameters such as pH, temperature and nutrients (mainly C, 
N and P) need to be adjusted to make them favour for biological degradation. 
Among these, the carbon source is one of the most important factors. 
Theoretically, dye molecules themselves and their photocatalytic breakdown 
compounds can supply carbon source to microorganisms for their metabolic 
activities. Recently, researchers have found that mixing of easily 
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biodegradable carbon source with recalcitrant wastewater, including dye 
wastewater, favoured the biological degradation (Martin et al., 2009). 
Therefore, a novel method of integrating photocatalysis and biodegradation 
process is proposed in this study with formic acid (FA), a kind of easily 
biodegradable small molecule added into the photocatalysis pre-treatment 
stage, which may not only improve the photocatalytic efficiency of MO dye 
but also may be adopted as a carbon source supplement in the biodegradation 





Chapter 3 Development of buoyant TiO2-GO composite 
photocatalyst with improved photocatalytic activity for 




3.1  Introduction 
Since Fujishima who first discovered the water-splitting system applying TiO2 
as the photoanode in 1972 (Fujishima, 1972), TiO2 has been extensively 
investigated and adopted as the photocatalyst in various heterogeneous 
photocatalysis processes for the remediation of contaminants in air, water or 
soil (Paz, 2010; Dong et al., 2015; Cheng et al., 2016). The popularity of TiO2 
has largely attributed to many advantages such as high photoactivity under UV 
light irradiation, non-toxicity, good chemical stability and low costs (Carp et 
al., 2004). 
Generally, TiO2 is produced in the form of powders or even nanoparticles, 
which provides better photocatalytic performance in water or wastewater 
treatment because of the larger surface area and more effective dispersion in 
the treatment systems (Pestana et al., 2015). However, such traditional practice 
often incurs considerable capital and operational costs arising from the 
difficulty to separate or recover the dispersed TiO2 powders or nanoparticles 
from the treated water, which has greatly hindered the industrial application of 
the relevant photocatalysis processes (Athanasekou et al., 2014). 
To solve this problem, TiO2 particles have been immobilized onto various 
inorganic and organic substrates of much larger sizes such as stainless steel 
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foams (da Silva et al., 2016), glass slide (Píšťková et al., 2015), polyethylene 
terephthalate (PET) (Barros et al., 2014), polypropylene granules or fabrics 
(Han et al., 2010), and so on. These immobilization techniques have 
eliminated the post-separation concern effectively, but they can also impact 
the efficiency of the photocatalyst used, due to the reduced active surface area 
of the photocatalyst, the lowered mass transfer efficiency of the contaminants, 




 recombination rate of TiO2 (Carp et al., 2004). 
Besides, TiO2 can only be activated under UV light irradiation because it has a 
wide energy band gap (e.g., 3.2 eV for anatase). This has restricted its more 
effective utilization of the full light spectrum of the natural sunlight and thus 
unavoidably often resulted in higher application cost for the TiO2 related 
photocatalysis technologies. To improve or expand the light responsibility of 
TiO2, efforts have been made to magnify the TiO2 system to exploit its activity 










 recombination, the noble metals such as Au (Dong et al., 
2015), Ag (Eskandarloo et al., 2015), and Pt (Semlali et al., 2014) are often 
applied with or deposited into TiO2 to act as electron traps. However, the high 
price of the noble metals unfavourably influenced their application in practice 
for TiO2 modification. 
Alternatively, surface sensitization of TiO2 by organic materials such as some 
dyes, polymers and other organics has been favoured to narrow the bad gap 
and expand the light absorption range of TiO2 (Kaur et al., 2007). In spite of 
this, many of these sensitizers used are harmful organic pollutants themselves 
and they also have the potential to be partly degraded by TiO2 in the process, 
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thus potentially affecting the water quality and causing unstable sensitization 
efficiency. TiO2 has also been coupled with various types of semiconductors 
that can absorb light in the visible range and inject electrons into the 
conduction band (CB) of TiO2, driving move of them to the surface of TiO2 
and promoting the generation of highly oxidative species for photocatalysis. 
On the other hand, some semiconductors have been reported to cause the 
problem of photo corrosion, because of the holes not engaged in redox 
reactions, resulting in the damage of the photocatalyst (Jianhua et al., 2006; 
Wu et al., 2006).  
Among these various modification practice of TiO2, using carbon based 
materials such as carbon nanotubes (CNT), activated carbon (AC) and, more 
recently, graphene and graphene based materials, have attracted tremendous 
interests due to the advantages of cheap raw materials, electrons transporting 
properties and good adsorption capacity. Especially, the excellent electron 
transport feature of graphene based materials can effectively suppress the 
recombination rate of photo-induced holes and electrons of the TiO2 
photocatalyst (Geim et al., 2007). In addition, the extended π-π conjugation 
structure of graphene related materials can also greatly enhance the adsorption 
of organic compounds, such as the aromatic dyes through the π-π stacking 
between dyes and graphene (Sher Shah et al., 2012). Moreover, the light 
absorption region can be expanded into the visible light region when TiO2 was 
composited with graphene (Lui et al., 2013), graphene oxide (GO) (Jo et al., 
2013) or reduced graphene oxide (RGO) (Long et al., 2013). For GO and RGO, 
there are abundant oxygen-containing functional groups on the basal plane 
(epoxy, hydroxyl groups) and at the edges (carbonyl, carboxyl groups) (Ito et 
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al., 2008). The presence of these functional groups can contribute to the 
forming of bonding with strong interactions between metal oxides and 
graphene materials. This feature can be applied to anchor TiO2 nanoparticles 
onto graphene materials. 
Up to now, although there have been reports on the composition of graphene 
materials with TiO2 nanoparticles for photodegradation of recalcitrant 
pollutants (Jiang et al., 2011; Pu et al., 2013), knowledge in this area has been 
rather limited and none have made attempts to obtain the composite 
photocatalyst and immobilize it onto macro substrates, especially buoyant 
supporting, for the prospect of practical applications. 
In this study, we report the preparation of a novel buoyant composite 
photocatalyst by obtaining TiO2 and GO composite nanoparticles and 
immobilizing them onto a buoyant substrate of polypropylene granules (PPG). 
The primary objective is to improve the photoactivity of TiO2 under UV-Vis 
light irradiation for the degradation of organic contaminants in aqueous 
solutions, without the difficulty for the recovery of the photocatalyst from the 
treated water. In order to improve the adhesion between the TiO2-GO 
nanocomposites and PPG and increase the stability of the plastic substrate, 
PPG was first covered by layer of activated carbon (AC) powder (Tu et al., 
2016).  
To evaluate the effect of GO in the composite photocatalyst, sodium;4-[[4-
(dimethylamino)phenyl]diazenyl]benzenesulfonate, or methyl orange (MO) 
was selected as the target dye for photocatalytic degradation of MO, a 
common type of organic dye widely used in various industries were conducted 
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with the composite photocatalyst of different GO contents under the condition 




3.2  Experimental  
3.2.1 Chemicals and reagents 
Chemicals used in this study included: TiO2 nanoparticles (Aeroxide P25, 
Degussa, Germany), Graphite powder (99.9%, Sigma Aldrich), hydrochloric 
acid (ACS reagent, 37%, Sigma Aldrich), sodium;4-[[4-
(dimethylamino)phenyl]diazenyl]benzenesulfonate, or methyl orange (ACS 
reagent, 85%, Sigma Aldrich), KMnO4 (99%, Sinopharm), sulphuric acid 
(95%, Sinopharm), NaNO3 (>99.5%, Merck) H2O2 (30%, Merck) and 
isopropyl alcohol or IPA (Absolv, Tedia). Ultrapure water (UPW, 18.2 
MΩ·cm) was used to prepare solutions as needed in all experiments. 
Polypropylene granules (PPG) were obtained from the Polypropylene 
Company (Singapore) Pte. Ltd. Powered activated carbon (PAC) was 
purchased from Jacobi. UPW was produced by a Milli-Q water purification 
system. 
3.2.2 Preparation of buoyant TiO2-GO composite photocatalyst 
The buoyant substrate used in this study was PPG thermally bonded with PAC 
on the surface. The details on the preparation of the buoyant substrate can be 
found elsewhere (Tu et al., 2013). 
Graphite Oxide (GO) was synthesized by the modified Hummers method 
(Zhang et al., 2009; Hummers et al., 1958). In brief, 5 g graphite powder was 
oxidized in a 1 L three-necked round bottom flask with 115 mL concentrated 
sulfuric acid, added with 2.5 g NaNO3 and 15 g KMnO4 in it. Then, UPW was 
added dropwise and slowly by a syringe pump. During the process, 
temperature of the mixture in the flask was increased to up to 98 °C and this 
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temperature was maintained for 1 h. After that, 850 mL of UPW was poured 
into the flask together with 50 mL of 30% H2O2 to terminate the oxidation 
reaction. The oxidized graphite powder denoted as GO powder, was collected 
from the flask and washed repeatedly with 5% HCl solution, followed by 
UPW. Finally, the final GO powder were dispersed into UPW in a flask and 
ultrasonically vibrated for 1 h to obtain a homogeneous GO solution as the 
stock.  
To prepare the TiO2-GO composite particles in different compositions, the GO 
stock solution was diluted with UPW by 1, 10, 50 and 100 times, which will 
be referred to hereafter as TG 1x, TG 10x, TG 50x and TG 100x respectively. 
Then, 20 mL IPA was added into 40 mL each of the GO solutions to increase 
the liquid viscosity. After that, each of the solution was added with 3 g of the 
P25 TiO2 nanoparticles and the mixtures were sonicated first for 1.5 h and 
then stirred for another 8 h to allow the formation of the TiO2-GO 
nanocomposites. The P25 TiO2 nanoparticles were also treated as above in 
UPW without GO solution in it and the obtained nanoparticles were used as a 
control or blank for comparison in the study. 
In the final step, 15 g of the fore mentioned buoyant substrate was added into 
50 mL of each of the solutions containing the TiO2-GO nanocomposites and 
the mixtures were stirred for 30 min. Then, the granules loaded with the TiO2-
GO nanoparticles were collected with a sieve and dried in a vacuum oven for 
24 h. The so-prepared material will be denoted as the buoyant TiO2-GO 




Kratos Axis Ultra X-ray Photoelectron Spectroscopy (XPS) was employed 
with Mono Al Kα radiation for examining the chemical state of elements in 
the TiO2-GO photocatalyst. The UV-Vis light absorption spectra of the TiO2-
GO composites were obtained from 200 nm to 800 nm wavelengths from the 
dry-pressed disk samples using a UV-Vis spectrophotometer (Jasco V660, 
Japan) equipped with an integrating sphere assembly, with Barium sulphate 
(BaSO4) applied as the reflectance sample. The surface morphology of the 
TiO2-GO composites was examined by the Field Emission Scanning Electron 
Microscopy (FESEM). An SDT Q600 analyser was used to obtain the Thermal 
Gravimetric Analysis (TGA) profile of the TiO2-GO composites. Samples 
were heated from 30 °C to 850 °C with a ramping rate of 20 °C∙min-1 in the 
purified air atmosphere for analysing the mass ratio of GO and TiO2 in the 
TiO2-GO nanocomposites. Fourier transform infrared (FTIR) spectra of the 
samples were obtained using a Varian 3100 FTIR spectrometer. The samples 
prepared for FTIR analysis were in the form of KBr pellets containing 1% of 
the prepared TiO2-GO composite, and the spectra were obtained in the 
wavelength range of 400 cm
-1
 to 4000 cm
-1
.  
3.2.4 Photocatalytic activity tests 
Methyl orange (MO) was selected as the target dye for photocatalytic activity 




Molecular weight 327.334029 g∙mol-1 





Solubility (in H2O, 
20 °C) 
5 g∙L-1 
Color Yellow (pH>4.4) 
Orange (3.7<pH<4.4) 
 Red (pH<3.7) 
Table 3.1 Properties of MO dye 
The photocatalytic activity of the prepared composite photocatalysts was 
tested in a 400 mL glass reactor with a water circulation jacket connected to an 
external water circulator (Julabo, Germany) for temperature control. A 150 W 
xenon lamp (Newport, USA) with an irradiation diameter of 69 mm (providing 
the UV light at 48 W∙m-2 and the visible light at 178 W∙m-2) was used as the 
UV-Vis light source. The light spectra of the Xenon lamp has been measured 
and shown in other literature previously (Han et al., 2011). 
5 g of the buoyant TiO2-GO composite photocatalyst resins was dosed into 
200 mL of a MO dye solution with the initial dye concentration of 25 mg∙L-1. 
The contents in the reactor were stirred under dark condition for 0.5 h to allow 
the establishment of the adsorption equilibrium of dye on the composite 
photocatalyst before the photocatalytic degradation test started. During the test, 
every 15 min time interval, 2.5 mL sample was taken from the reactor. The 
sample was first and filtered through a 0.45 µm syringe filter and then 
analysed with a UV-Vis spectrophotometer (Jasco V660, Japan) at 465 nm for 
the calculation of MO dye concentration according to the calibration curve of 




3.3  Results and discussion  
3.3.1 Characteristics of the composite photocatalyst 
The FESEM images of the prepared TiO2-GO nanocomposites, TG 10x are 
shown in Figure 3.1 below. The analysis indicates that the composite had TiO2 
nanoparticles with the particle size at about 50 nm distributed on and covered 
the surface of the GO nanosheets. The various functional groups of GO such 
as the carboxyl groups and hydroxyl groups, may help the dispersion of TiO2 
nanoparticles on GO and probably form some kind of bonding between them 
(Umrao et al., 2014). The interactions between GO and TiO2, which will be 
further discussed in the results of XPS and FTIR analysis, can be beneficial for 
the stability of the prepared TiO2-GO nanocomposites for practical use. 
Figure 3.1 FESEM images of TiO2-GO nanocomposites (TG 10x) with 
different magnifications: (a) ×50,000; (b) ×100,000 
The FTIR spectra of graphite, GO, TiO2 and TiO2-GO composite are shown in 





) and O-H stretching in –COOH group (~1400 cm-1), O-
H stretching in hydroxyl group (above 3000 cm
-1
 )are observed (Zhou et al., 
2012). However, these characteristic peaks are not observed in the spectrum of 
graphite. This demonstrates that a number of functional groups, including the 
hydroxyl and carboxyl groups, were formed during the oxidation of graphite to 
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GO. A broad absorption band at low frequency (below 1000 cm
-1
) is presented 
in the spectra of TiO2-GO, which may be assigned to the Ti-O-C structure 
vibration (Qiu et al., 2014). This structure can support the early speculation 
that there were chemical bindings between graphene oxide and TiO2 
nanoparticles formed during the preparation process. In addition, the broad 
band appeared at above 3000 cm
-1
 may be attributed to the absorbed H2O on 
the TiO2-GO composite (Zhang et al., 2007). 
Figure 3.2 FTIR spectra of graphite, GO, TiO2 and TiO2-GO nanocomposites 
(TG 10x) 
XPS analysis was conducted to examine the chemical state of Ti and C in the 
TiO2-GO composite. The XPS survey scan in Figure 3.3 shows that the TiO2-
GO composite had the main peaks of Ti 2p, Ti 2s, O 1s, C 1s, confirming the 
presence of the TiO2 and GO components. The XPS spectra for Ti 2p, Ti 2s, O 
1s and C 1s were further examined in details. As shown in Figure 3.4, the two 
bands located at 459 eV and 464 eV (see Figure 3.4(a)) can be assigned to the 





state. The O1s peak at 530 eV (see Figure 3.4 (b)) can be assigned to the 
oxygen in TiO2. The XPS C spectra shows a distinct peak at 284.8 eV, which 
is mostly assigned to the types of non-oxygenated ring C, including those in 
the C-C, C=C and C-H structures. However, a small peak at 286.6 eV, 
representing C in the C-O-C or C-OH groups, can also be noticed in the 
spectra. Further, the intensities of the carbonyl C in the C=O group at 287.6 
eV and the carboxylate C in the C=O-OH groups at 288.3 eV became very 
weak in the spectra, compared with these in the XPS spectra of GO in the 
literature (Wang et al., 2013; Min et al., 2013). These results indicate that 
partial reduction of GO took place during the preparation process of the TiO2-
GO nanocomposites. 
Figure 3.3 XPS survey scan of TiO2-GO nanocomposites (TG 10x) 
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Figure 3.4 XPS spectra of (a) Ti 2p peak; (b) O 1s peak; (c) C 1s peak for 
TiO2-GO nanocomposites (TG 10x) 
To quantify the amount of TiO2 and GO in the TiO2-GO composite 
photocatalysts, Thermogravimetric analysis (TGA) was conducted with the 
results presented in Figure 3.5 and Table 3.2. As can be observed in Figure 3.5, 
there are 3 distinct weight reduction stages in the TGA curves for the TiO2-
GO composites with different GO contents, denoted as TG 1x, TG 10x and 
TG 50x, respectively. The first decline occurred at < 200 °C may be due to the 
loss of water in the interlayers of the GO sheets, supporting that observed in 
the FTIR spectra discussed early. The second decline occurred between 200 to 
400 °C can be attributed to those easily decomposing components such as 
hydroxyl groups and carboxyl groups of GO. From 400 to 800 °C, the carbon 
skeleton of GO may be destroyed, resulting in the observed third decline in the 
curve. The remaining of above 800 °C can be taken to be TiO2. The exact 
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mass percentage of TiO2, GO and H2O in the prepared TiO2-GO composites 
are then calculated and presented in Table 3.2. It can be found that the GO 
contents in the various composites of TG 1x, TG 10x and TG 50x to be 9.41%, 
2.81% and 1.25%, respectively, by the measured mass percentage of GO, and 
they are denoted as TG 9.41%, TG 2.81% and TG 1.25% below. The buoyant 
TiO2-GO composite photocatalyst was also examined by TGA analysis but the 
content of TiO2 and GO were not obtained accurately due to the lower amount 
of GO than the detection limit of TGA machine used. The results are now 
shown here. 
Figure 3.5 TGA of TiO2 (P25), TG 1x, TG 10x and TG 50x 
Photocatalyst Mass of TiO2 (%) Mass of H2O (%) Mass of GO (%) 
P25 100 0 0 
TG 1x 87.72 2.87 9.41 
TG 10x 96.12 1.07 2.81 
TG 50x 97.69 1.06 1.25 
Table 3.2 Mass percentage of TiO2, H2O and GO in TiO2 (P25), TG 1x, TG 
10x and TG 50x calculated according to TGA analysis 
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The UV-Vis absorption spectra are used to evaluate the photoactivity of the 
prepared composite photocatalysts. As shown in Figure 3.6, the spectra for 
TiO2 and TG 2.81% in the light wavelength range of 200 to 800 nm are 
compared. Obviously, the TG 2.81% showed much higher absorption ratio in 
the visible light range (400-700 nm) than the P25 TiO2, reading as high as 
39.93% versus only 6.65% for the P25 TiO2. 
Also, based on Figure 3.6, the absorption edges which are inferred from the 
intersection of the decreasing region of a spectrum with the absorption 
baseline are 414 nm for the P25 TiO2 and 464 nm for the TG 2.81%. 
According to the Kubelka Munk model (Bjelajac et al., 2014), the band gap of 
the photocatalysis could be roughly estimated by Eq. 3.1: 
ahϑ = A(hϑ − Eg)
n                                          (3.1) 
Where a is the absorption coefficient, A is a constant which depends on the 
transition probability, Eg is the band gap energy, n is 0.5 or 2 for direct or 
indirect band gap semiconductor, h is the Plank constant and v is the 
frequency of light (Khairy et al., 2014). Since Eg is calculated by extrapolating 
a straight line to the ahv=0 axis. So, the Eg can be approximated by  
Eg = 1240/ƛg                                              (3.2) 
Introducing the 414 nm and 464 nm as the ƛg for P25 TiO2 and TG 2.81% 
respectively, the approximate values of Eg can be calculated as 2.99 eV for  
P25 TiO2 and 2.67 eV for TG 2.81%. In other words, the introduction of GO 
can effectively improve the light reactivity of TiO2, especially in the visible 
light source. This is due to the reason that the C atoms of GO can interact with 
Ti and O atoms in TiO2 to form the Ti-O-C bonds, which would have a 
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rate (Fan et al., 2011). The calculated results of the absorption ratio to UV 
light and visible light as well as the band gap energy for TiO2 (P25) and TiO2-
GO (TG 2.81%) are given in Table 3.3. 








in Vis (400-700 
nm, %) 
Band gap (eV) 
TiO2 (P25) 69.98 6.65 2.99 
TiO2-GO (TG 
2.81%) 
71.88 39.93 2.67 
Table 3.3 Absorption ratio of UV light, visible light and band gap energy 
for TiO2 and TiO2-GO (TG 2.81%) 
3.3.2 Photocatalytic activity 
For the photocatalytic degradation of dyes by TiO2 photocatalyst, the 
Langmuir-Hinshelwood model has often been applied to describe the 
degradation kinetics (Benhabiles et al., 2015; Tang et al., 1995). In this model, 
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the reaction rate r is assumed to be proportional to the surface coverage term θ, 




= 𝑘𝐿𝐻𝜃                                                      (3.3) 
where kLH is the true reaction rate constant and C is the concentration of the 
pollutant in the solution at the irradiation time t. According to the Langmuir’s 





                                                            (3.4) 
where K is the adsorption equilibrium constant in the Langmuir model. In 
photocatalytic studies, the value of K is obtained empirically through a kinetic 
study in the presence of light, being reported to be better than that obtained in 
the darkness (Valente et al., 2006). Based on Eq. (3.3) and Eq. (3.4), the 




                                                           (3.5) 
When the solution is highly diluted, the value of term KC becomes <<1 




= 𝑘𝐶                                                   (3.6) 
where k= kLHK is the apparent rate constant of a pseudo first order reaction.  






) = 𝑘𝑡                                                      (3.7) 
where C0 is the initial concentration of the pollutant in the solution when 
photocatalytic reaction started. Eq. (3.7) indicates that if Eq. (3.6) is valid ln 
(C0/C) versus t for the experimental results would show a straight line. Hence, 
by plotting ln (C0/C) versus t, the apparent rate constant k can be obtained 
from the slope of the straight line.  
Based on this kinetic mechanism, the photocatalytic degradation data of MO 
dye in aqueous solutions by the buoyant composite TiO2-GO photocatalyst 
was analyzed to evaluate the photocatalytic activity of the various prepared 
photocatalysts and the effect of GO mass percentage for their photocatalytic 
activity. The results are shown in Figure 3.7 and summarized in Table 3.4. It 
can be found that all plots indeed followed straight lines. MO dye had 
negligible degradation when no photocatalyst was applied, indicating the 
refractory property of MO dye.  As the GO mass percentage increase from 0 to 
1.25%, 2.81% and 9.41% in the composite photocatalyst, the k values varied 
from 0.19 h
-1




, and 0.16 h
-1
, respectively. The results 
indicated that GO mass percentage had an important effect on the 
photocatalytic activity of the TiO2-GO buoyant composite photocatalyst when 
the mass percentage of GO increased from 0% to 2.81%. The presence of GO 
improved the photoactivity of TiO2 accordingly. Several possible reasons may 
be provided. Firstly, the photo-induced electrons from TiO2 can transfer to GO, 




 pairs, thus improving 
the effective h
+
 used in the photocatalysis process. Secondly, GO surface can 
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absorb O2 that may react with electrons to generate highly reactive oxidative 
species such as O2∙
-
 for the degradation of the MO dye molecules (Yang et al., 
2015). Last but not least, the large surface area and functional groups of GO 
may enhance the affinity between the dye molecules and the surface of the 
TiO2-GO composite photocatalyst, leading to a positive effect upon the 
degradation of MO dye due to the improvement of the mass transfer between 
the liquid phase (dye wastewater) and the solid phase (TiO2 photocatalyst). 
However, when the mass percentage of GO increased relatively high, such as 
to 9.41%, the k value was found being reduced to 0.16 h
-1
, even lower than 
that of TiO2. The possible reason for this phenomenon may be due to too 
much GO that can block the functions of the active sites on the surface of TiO2, 
incurring a negative effect on the photocatalytic activity of the prepared TiO2-
GO composite photocatalyst. 
To further confirm the enhancement of photocatalytic activity of the buoyant 
TiO2-GO composite photocatalyst in the visible light range, a UV filter was 
applied on the Xenon lamp to cut off the UV light with the wavelength < 420 
nm. 0.36 mg∙L-1 MO dye was degraded in 1.5 hours photocatalytic 
degradation period by the TG 2.81% photocatalyst, and only 0.06 mg∙L-1 MO 
dye was degraded by TiO2 at the same time. This result proved that GO indeed 
enhanced the photocatalytic activity of TiO2 in the visible light range.  
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Figure 3.7 Plots showing the first-order kinetics of MO degradation by TiO2, 
TG 9.41%, TG 2.81%, TG 1.25% and in blank (no photocatalyst added) 
(initial MO concentration=25 mg∙L-1, photocatalyst dosage=25 g∙L-1) 
 
 
Photocatalyst Blank TiO2 TG 1.25% TG 2.81% TG 9.41% 
k (h
-1
) 0.01 0.19 0.23 0.24 0.16 
R
2
 0.913 0.999 0.999 0.999 0.999 
Table 3.4 k values for the first-order kinetics of MO degradation by TiO2, 
TG 1.25%, TG 2.81%, TG 9.41% buoyant photocatalysts and no photocatalyst 
(initial MO concentration=25 mg∙L-1, photocatalyst dosage=25 g∙L-1) 
3.3.3 Effect of solution pH 
The effect of solution pH on the photoactivity of the buoyant TiO2-GO 
composite photocatalyst was also investigated. TG 2.81% was selected as the 
photocatalyst to conduct the experiment because it was demonstrated to have 
better photocatalytic activity early. The initial pH value of the MO dye 
solution was adjusted in the range from 3 to 11 by adding H2SO4 or NaOH, 
The degradation results of MO dye are shown in Figure 3.8 given in Table 3.5. 
It can be found that when solution pH was 3, the k value reached highest at 
0.83 h
-1
. The k value of photocatalytic degradation of MO dye by TG 2.81% 
decreased with increasing pH, and reaching the lowest at the solution pH of 9 
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and 11, in the basic range. One probable reason is that the point of zero charge 
(pzc) for TiO2 is 6.4, which means the TiO2 surface is positively charged when 
the solution pH is at < 6.4 (Muthirulan et al., 2014). Considering that Na
+
 in 
the MO dye structure can be easily ionized in water solutions, one can expect 
that the MO dye molecules would be negatively charged, leading to the 
enhanced adsorption of MO dye onto the positively charged TiO2 surface. This 
can provide more MO dye ready for photocatalytic degradation. The second 
reason is that the solution pH can affect the redox potential of the OH∙/H2O 
system where OH∙ is one of the most important reactive species produced 
mainly by TiO2 (Carp et al., 2004). According to the Nernst Equation, the 
redox potential of OH∙/H2O can be calculated by the Eq. (3.8) below, 
indicating that when solution pH increases, the redox potential of EOH∙ would 
decrease. 
𝐸𝑂𝐻∙ = 𝐸𝑂𝐻∙/𝐻2𝑂
0 − 0.059𝑝𝐻                                           (3.8) 
Figure 3.8 First-order kinetics of MO degradation by TG 2.81% buoyant 
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photocatalyst under different solution pH conditions (initial MO 




Solution pH 3 5 9 11 
k (h
-1
) 0.83 0.30 0.18 0.18 
R
2
 0.998 0.998 0.995 0.997 
Table 3.5 k values for the first-order kinetics of MO degradation by TG 2.81% 
buoyant photocatalyst under different solution pH conditions (initial MO 
concentration=25 mg∙L-1, photocatalyst dosage=25 g∙L-1) 
The photocatalytic activity of TiO2 and the buoyant TiO2-GO composite 
photocatalyst was also compared under two different solution pH conditions, 
with the results shown in Figure 3.9. It is obvious that under both solution 
pH=3 and pH=5.6 (the latter was the original pH not adjusted), the 
photocatalytic activity of TG 2.81% was always higher than that of TiO2. The 
results confirm the enhanced photocatalytic activity of the buoyant TiO2-GO 
composite photocatalyst for MO dye degradation.  
Figure 3.9 Comparison of k values between TG 2.81% and TiO2 buoyant 
photocatalysts under different pH conditions (initial MO concentration=25 
mg∙L-1, photocatalyst dosage=25 g∙L-1) 
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3.4  Conclusions 
In this part, buoyant TiO2-GO composite photocatalysts were successfully 
prepared by varying the mass concentration of GO. The properties of the 
prepared photocatalysts were evaluated by FESEM, FTIR, XPS, TGA and 
UV-Vis absorption spectra. It was found that TiO2 nanoparticles were 
dispersed uniformly onto GO, with some chemical bonding formed between 
them, which ensured the stability of the prepared TiO2-GO nanocomposites. 
The introduction of GO enhanced the light adsorption of TiO2, especially in 
the visible light range, for the composite photocatalyst. The band gap energy 
of TiO2 was reduced from 2.99 eV for TiO2 to 2.67 eV for the TiO2-GO 
composite, probably due to the good electron transfer ability of GO. In 
addition, the photocatalytic degradation tests with MO dye as a model 
pollutant in aqueous solutions showed a higher photocatalytic activity of the 
TiO2-GO composite photocatalyst over that of TiO2 both under Vis and UV-
Vis irradiation under acidic pH conditions. It was also found that the mass 
concentration of GO and solution pH can have an effect on the photocatalytic 
activity of the TiO2-GO composite photocatalyst. This study has provided a 
new type of photocatalyst that may find promising applications in the field of 




Chapter 4 Formic acid enhanced effective degradation 




4.1  Introduction 
Organic dyes are widely used in various industries, and discharged into the 
water body, which has created serious water pollution, particularly due to the 
severe color and the high oxygen demand, causing great harms to the aquatic 
organisms and the environment (Szygula et al., 2008). Dye wastewater has 
hence long become one of the most concerned environmental issues all over 
the world. This may be attributed to the fact that various dyes often have 
complex chemical structures and are difficult to be effectively degraded for 
their color removal as well as for total mineralization. Although a considerable 
amount of research has been conducted in the past several decades for the 
effective treatment of dye wastewater, some important issues remain, largely 
due to the process performance limitation or the high cost of those available 
technologies. For example, physical and chemical processes such as 
adsorption, coagulation and sedimentation, and membrane filtration, etc. have 
been applied to treat dye wastewater (Gupta, 2009; Pearcea et al., 2003; 
Szygula et al., 2008). These methods may be able to reduce the color of the 
wastewater, but they do not offer the option to degrade those dye molecules 
ultimately into the non-harmful ones. Although biological processes have 
commonly been used to treat dye wastewater, they are often ineffective, partly 
due to the non-biodegradable feature of many types of the dyes and partly due 
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to the long process time and strict operating condition needed for the 
microorganisms’ growth in the system, in addition to the large quantity of 
extra sludge produced in the system requiring expensive post-treatment (Solís 
et al., 2012). 
In more recent years, advanced oxidation processes (AOPs) have increasingly 
been studied, especially for treatment of recalcitrant organic pollutants. AOPs 
refer to a group of technologies that utilize highly reactive species (e.g., H2O2, 
OH∙ radical) to effectively attack and break down those organic pollutants 
(Antonopoulou et al., 2014). Examples of AOPs may include O3/UV, 
H2O2/UV, Fenton reaction, heterogeneous photocatalysis etc. (Comninellis et 
al., 2008). These technologies have also been attempted in dye wastewater 
treatment either alone (Neamtu et al., 2004; Kansal et al., 2007; Rajeshwar et 
al., 2008) or, in some cases, combined with the traditional technologies (i.e., 
physical, chemical or biological method) together (Banerjee et al., 2007). 
However, AOPs, in spite of their high degradation power, often require 
expensive chemical reagents and/or consume high amounts of energy, a factor 
that makes AOPs costly to use and has so far greatly restricted their industrial 
applications. Thus, there is a great research and practical interest to develop 
more economical and efficient alternative process of AOPs for dye wastewater 
treatment.  
Formic acid (HCOOH or FA in short) is a chemical existed in nature and also 
artificially synthesized. FA is also frequently used in many industrial 
processes, including dyeing and finishing textiles, leather production, rubber 
industry and pharmaceutical industry etc. (Novita et al., 2015). In 1999, 
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Sugawara found that the concentration change of H2O2 has a relevance to the 
decomposition of FA in the H2O2/UVC system, in which the “UVC” here 
refers to the wavelength of the irradiation source at 254 nm in the range of 
ultraviolet light in the C spectrum with a wavelength of 200-400 nm 
(Sugawara et al., 1999). In a later work, Shiraishi investigated the 
heterogeneous photocatalysis of formaldehyde (HCHO) and found that H2O2 
was generated, accompanying with the oxidative degradation of FA that was 
an intermediate of HCHO photo-degradation (Shiraishi et al., 2003). In 2006, 
Mrowetz also reported the production of H2O2 during photocatalytic 
degradation of FA by the fluorinated TiO2 photocatalyst (Mrowetz et al., 
2006). Similarly, Yalfani later reported the production of H2O2 from FA and 
O2 with the Pd/Ƴ-Al2O3 photocatalyst, which was proposed through the 
reaction in Eq. (4.1) (Yalfani et al., 2008): 
𝐻𝐶𝑂𝑂𝐻 + 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂2                                        (4.1) 
The above reaction has been considered to involve two half-reactions as given 
below (Yu et al., 2008; Wang et al., 2014): 
𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂2 + 2𝐻
+ + 2𝑒−                             (4.2) 
with E0 (HCOOH/CO2) = -0.25V (vs. SHE), and 
𝑂2 + 2𝐻
+ + 2𝑒− → 𝐻2𝑂2        (4.3) 





 (HCOOH/CO2) + E
0
 (O2/H2O2)>0, the reaction is considered to be able 
to proceed spontaneously.  
In consideration of the fact that FA is relatively cheap and has a simple 
chemical structure that can be easily degraded or mineralized (Zhou et al., 
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2006; Bideau et al., 1988; Li et al., 2002). It is possible to utilize the H2O2 
generated in-situ in water with the presence of FA to enhance the efficiency of 
organic wastewater treatment. However, this method or concept, to our best 
knowledge, has not been explicitly attempted for the enhancement of organic 
wastewater treatment so far. 
In the present study, we report the investigation in the treatment of MO dye 
wastewater by using FA as a process enhancer in aqueous solutions under UV-
Vis light irradiation and air aeration. The selection of MO as a model dye 
compound in this study is simply due to its being commonly or widely used in 
many industries nowadays and typically considered as non-biodegradable. The 
effects of various process parameters such as the initial concentration of MO, 
FA dosage, solution pH, and treatment process duration on the decolorization 
and mineralization efficiency of MO dye were examined. Analysis for the 
reactive species, including H2O2 and OH∙ generated in the process and that for 
the intermediate by-products produced during the degradation of MO dye were 





4.2.1 Chemicals and reagents 
Chemicals used in this study included: formic acid (98%, VWR), methyl 
orange dye (MO, Sigma Aldrich), hydrogen peroxide (30%, Sigma Aldrich), 
potassium iodide (Sigma Aldrich), potassium biphthalate (Sigma Aldrich), 
ammonium molybdate (Sigma Aldrich), sodium hydroxide (Merck), sulphuric 
acid (95%, VWR), isopropanol (Tedia), acetonitrile (Tedia), and ammonium 
acetate (Sigma Aldrich). Ultrapure water (18.2 MΩ∙cm) was used to prepare 
solutions in all experiments. 
4.2.2 Degradation experiments 
All the degradation experiments were performed in an 80 mL glass reactor that 
had a water circulation jacket connected to an external water circulator (Julabo) 
for the control of the process temperature. A 150W xenon lamp (Newport, 
USA), with an irradiation area of the diameter of 69 mm (providing the UV 
light at 48 W∙m-2 and visible light at 178 W∙m-2), was used as the light source, 
installed at 20 cm above the water surface in the reactor. The MO dye solution 
(prepared by dissolving MO in ultrapure water) was 50 mL in the reactor for 
each experiment. The feed concentration of MO dye in the test was in the 
range of 25-100 mg∙L-1 and the dosage of FA was from 0 to 0.01M. FA was 
added into the MO dye solution at the beginning of a test and was thoroughly 
mixed by a magnetic stirrer for 1 min before the light was turned on for the 
degradation to proceed. Air aeration was provided to the reactor at an air flow 
of 0.5 L∙min-1 from a compressed air cylinder for both oxygen supply and 
effective mixing. To examine the effect of solution pH, the initial pH of the 
MO dye solution was adjusted to 4, 6 or 11, respectively, with H2SO4 or 
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NaOH, in each experiment. To verify the role of OH∙ radical in MO 
degradation, isopropanol (IPA) was added into the MO solution as a scavenger 
of the OH∙ radical in some of the experiments. 
4.2.3 Analysis 
MO dye molecules retain two structures in acidic pH and alkaline pH, with 
typical absorption peak at around 460 nm (alkaline) and 500-540 nm (acidic), 
respectively (Del Nero et al, 2005). The color change of MO dye solution in 
the reactor was therefore monitored using a UV-Vis spectrophotometer (Jasco 
V660) at 465 nm under neutral to basic pH conditions and at 500 nm under 
acidic pH conditions during the experimental study. A 3 mL sample was taken 
from the reactor at each desired time interval for the determination of the light 
absorbance of the MO dye sample. A calibration curve, established on the 
basis of the Beer-Lambert’s law, was used to relate the peak light absorbance 
value to the weight concentration of the MO dye. Then, the percentage of MO 
dye degradation was calculated from its initial concentration C0 and its 
concentration at degradation time t, Ct, accordingly. 
The analysis of FA in the solution was conducted using High Performance 
Liquid Chromatography (HPLC, Agilent 1100) equipped with a Hi-Plex H 
ligand exchange column (Agilent, 8µm, 300×7.7mm) and a UV-Vis detector. 
The eluent was sulphuric acid (0.01 M). The flow rate was set at 0.6 mL∙min-1 
and the column temperature at 50 °C, based on the Agilent Hi-Plex Columns 
Applications Compendium. The measurement of FA was conducted at 210 nm 
wavelength. To quantify the weight concentration of FA, a calibration curve 
was prepared using 1.0 M FA standard solution obtained from Sigma Aldrich 
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by establishing the peak absorption area versus the weight concentration of FA 
in the solutions. 
The intermediate compounds formed during the degradation process of MO 
dye was analysed by using an Agilent 1260 infinity HPLC with a UV-Vis 
detector and an Agilent Q-TOF Liquid Chromatography-Mass Spectrometer 
(LC-MS) equipped with a Zorbax Eclipse XDB-C18 column (Agilent, 5µm, 
150×4.6mm). The eluent was acetonitrile-0.01M ammonium acetate (30/70, 
v/v) for the HPLC and LC-MS analysis. ESI source was used for the MS 
analysis, scanning in negative mode. The scan range (m/z) was from 50 to 450. 
High purity nitrogen gas was used as the nebulizer and auxiliary gas. The 
eluent flow rate for LC-MS was at 0.4 mL∙min-1. 
The mineralization rate of MO dye in the solution in the degradation 
experiment was estimated through the analysis of Total Organic Carbon (TOC) 
of the samples measured by a TOC analyser (Shimadzu, TOC-VCPH/CPN). Since 
FA can be easily oxidized into the degradation products of inorganic 
substances such as CO2 (Shiraishi et al., 2003; Mrowetz and Selli, 2006; 
Yalfani et al., 2008), the mineralization rate of MO dye was therefore 
calculated by subtracting the TOC contribution of FA from the total TOC 
reduction value of the sample in this study. Although many other studies in the 
oxidation of organic compounds often measured the production of CO2 
directly, our system with the UV-Vis light installed above the reactor made the 
enclosure of the reactor for CO2 measurement a bit undesirable, due to 
possible effect to the light transmission. 
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The in-situ photo-generated H2O2 from FA in the system was estimated 
following the KI method (Kormann et al., 1988). In brief, a sample (2.0 mL) 
was mixed with 0.75 mL of 0.1 M potassium biphthalate and 0.75 mL of a 
solution containing 0.4 M potassium iodide, 0.06 M sodium hydroxide and 10
-
4 
M ammonium molybdate. After staying in still for 3 min, the sample was 
measured for light absorbance with a UV-Vis spectrophotometer (Jasco V660, 
Japan) at 352 nm. To convert the absorbance value to weight concentration, a 
H2O2 standard solution (30%) bought from Sigma Aldrich was progressively 




4.3 Results and discussion 
4.3.1 Degradation of MO dye in different solution systems 
Figure 4.1 shows the results of MO dye degradation in four solution systems: 
1) FA+aeration+UV-Vis (pH=2.8), 2) FA+UV-Vis (pH=2.8), 3) aeration+UV-
Vis (pH=6.4) and 4) aeration (pH=6.4), with the initial MO dye concentration 
all being at 25 mg∙L-1. As expected in the system of 4) aeration only, there was 
no change in MO dye concentration at all. MO dye degradation in the solution 
system of 3) Aeration+UV-Vis was found to be minimum and, after 1.5 h of 
degradation time, the degradation rate was only about 8.6%. The slow 
degradation of MO dye in this case can be attributed probably to the least 
amount of OH∙ radicals produced by the UV photolysis with oxygen in water 
(Tasaki et al., 2009). The degradation rate of MO dye in the solution system 2) 
FA+UV-Vis was higher and reached about 18% at the end of 1.5 h 
degradation time. In contract, in the solution system of 1) FA+aeration+UV-
Vis, the degradation rate of MO dye became more than 91% after 1.5 h. The 
results indicate that the addition of FA can effectively enhance the degradation 
of MO dye, especially when both UV-Vis irradiation and aeration were 
applied. This phenomenon may result from the fact that, under UV-Vis 
irradiation, FA can react with the oxygen dissolved in the solution and 
generate a high amount of the reactive species of H2O2, as indicated in Eq. 
(4.1), which contributed to the significant degradation of MO dye in the 
solution system. 
It may also be interesting to note that the results in Figure 4.1 seem to suggest 
different reaction orders in the degradation kinetics of MO dye (with respect to 
MO concentration) in the different solution systems. An approximately zero 
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order reaction is indicated in the solution systems of 3) Aeration+UV-Vis and 
2) FA+UV-Vis where the concentration remaining changed relatively small 
but linearly with the degradation time (within the time period examined). In 
the literature, Guo et al also reported the phenomenon of a zero order reaction 
of MO under photodegradation (Guo et al 2011). However, a non-zero order 
reaction in MO dye degradation in the solution system 1) FA+aeration+UV-
Vis was observed and the concentration remaining of MO dye versus 
degradation time showed a change possibly followed an exponential function 
pattern. Therefore, in the following study, MO degradation in the solution 
system of 1) FA+aeration+UV-Vis is specifically examined in more details. 
Figure 4.1 MO dye degradation results in different solution systems of 1) 
FA+aeration+UV-Vis, 2) FA+UV-Vis, 3) Aeration+UV-Vis, and 4) Aeration only 
(C0 of MO=25 mg∙L
-1
, C0 of FA=0.01 M) 
4.3.2 Effect of FA dosage 
The effect of FA dosage was further investigated at a FA concentration varied 
from 0.001 to 0.01 M while the initial concentration of MO dye was kept 
constant at 25 mg∙L-1 (The solution pH varied in a narrow range from 2.9-3.4 
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for FA from 0.001-0.01M). The experimental results are shown in Figure 4.2. 
It can be found that with the increase of FA dosage from 0.001 to 0.005 M, the 
degradation of MO dye in the solution was enhanced almost linearly (at 
FA=0.001 M, 35.8%;  FA=0.002 M, 69.8%; and FA=0.005 M, 88.3% after 1.5 
h degradation time). However, when FA dosage was further increased from 
0.005 to 0.01 M, no or little further enhancement in MO dye degradation was 
noticed. The results in Figure 4.2 may suggest that the maximum effect of FA 
dosage on the enhancement in MO dye degradation may depend on a proper 
ratio of FA to the MO dye concentrations in the solution under a constant 
condition of aeration plus UV-Vis irradiation. It may be speculated that at high 
FA dosage or FA to MO ratio, the reactive species produced from FA may be 
limited by the UV-Vis light source used, or may be promoted to participated in 
the oxidation of FA itself, both of which can lead to the observed phenomenon 
of no further increase in the degradation of MO dye at FA>0.005 M in the 
experiments. 
Figure 4.2 MO dye degradation results, showing the effect of FA dosage in the 
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solution (C0 of MO=25 mg∙L
-1
. Aeration and UV-Vis irradiation was set 
constant as mentioned in Section 4.2) 
4.3.3 Effect of MO dye concentration 
To further verify the degradation performance of MO dye in relation to the FA 
dosage, the degradation experiments were conducted at a fixed FA dosage of 
0.005 M, but the initial concentration of MO dye varied from 25, 50 to 100 
mg∙L-1. The experimental results are shown in Figure 4.3. It can be observed 
that, after 1.5 h degradation time, the degradation rate was about 88, 62 and 
82%, respectively, for the initial MO dye concentration of 25, 50 and 100 
mg∙L-1. If the weight reduction is calculated, the degraded amount of MO dye 
was 20.8, 30.5 and 79.3mg∙L-1 for the three different MO dye initial 
concentrations examined. Although the degradation rate did not display a 
monotonic change with the initial MO dye concentration at a fixed FA dosage, 
the results did seem to show that the effect of FA on the enhancement rate of 
MO dye degradation was more efficient at a higher MO concentration. That is 
probably due to the reason that at a higher MO dye concentration, the reactive 
species produced with FA molecules at the presence of oxygen plus UV-Vis 




Figure 4.3 Concentration remaining versus degradation time, showing the 
degradation performance of MO dye at different initial concentrations but a 
fixed FA dosage in the solutions (C0 of MO=25, 50, 100 mg∙L
-1
, C0 of 
FA=0.005 M, initial pH= 2.9, aeration and UV-Vis irradiation was set constant 
as mentioned in Section 4.2) 
4.3.4 Effect of solution pH 
Degradation performance of organic compounds by H2O2-related advanced 
oxidation technologies are often found to be dependent on the solution pH 
values, and, for different dyes in different degradation systems, the effect of 
solution pH was found to vary greatly (Zuorro et al., 2014; Narayanasamy et 
al., 2014; Lopez-Lopez et al. 2013). In this study, the effect of solution pH 
value on the degradation of MO dye in the system with FA+aeration+UV-Vis 
irradiation was therefore examined. A solution initially containing MO dye at 
25 mg∙L-1 and FA at 0.005 M was tested with the solution pH value set at 2.9, 
4, 6 or 11, respectively (where pH 2.9 was the natural pH of the solution 
without any adjustment). The MO dye degradation results are shown in Figure 
4. It can be found that when solution pH was near neutral or in the alkaline 
range, there was hardly any MO dye being degraded (data points at pH 6 and 
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11 overlapped). At pH 4, the degradation rate of MO dye was about 21%, and 
the degradation rate of MO dye at the natural solution pH (i.e., pH=2.9 
without any pH adjustment) reached 88%. 
In addition, we tested the degradation effect of MO dye at pH=2.9 achieved by 
either dosing FA or dosing H2SO4, and found that the degradation rate of MO 
by dosing H2SO4 was only at 8.67%, only a little higher than that by the 
Aeration+UV-Vis system (8.6%). The possible reason is that although MO 
dye was favoured to be degraded under acidic pH solutions, SO4
2-
 ion is a 
strong OH∙ radical scavenger to reduce the OH∙ concentration in the system, 
which has been reported previously (Niu et al., 2014). So, the enhancing 
degradation performance of MO was created by and the much better 
performance was greatly associated with the dosing of FA (not just pH 
adjustment). 
In the literature, others also reported that lower solution pH resulted in better 
degradation performance of MO dye using photocatalytic systems contained 
TiO2 or H2O2 (Huang et al., 2008; Nam et al., 2002 and Wei et al., 2012). 
Under an acidic condition, ƛmax of MO, an indication of the light energy 
required for decomposition of the MO dye molecules, will have a red shift to a 
lower energy level, thus making MO dye become easier to be degraded by 
photolysis (Lin et al., 2008). The MO absorption peak shifting can be 
demonstrated by the UV-Vis spectra under different pH ranges, in Figure 4.5. 
Secondly, the solution pH can also affect the redox potential of the OH∙/H2O 
system where OH∙ is the most important reactive species mainly produced 
from H2O2 through the reaction as shown in Eq. (4.4) below (Xiao et al., 2015). 
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According to the Nernst Equation, the redox potential of OH∙/H2O can be 
calculated by the expression as shown in Eq. (4.5), indicating that the redox 
potential of EOH∙ would decrease when solution pH increases (Xiao et al., 
2015). Therefore, lower solution pH would favour the generation of the OH∙ 
radicals and thus the degradation of MO dye in the system. On the other hand, 
the alkaline condition can promote the generation of the hydro peroxide anion 
(HO2
-
) from H2O2 according to the reaction shown in Eq. (4.6) (Buxton et al., 
1988). The HO2
-
 species is a very strong OH∙ scavenger and thus would cause 
fewer OH∙ radicals that are available to attack the dye molecules for their 
degradation under the alkaline condition. This probably explains the lowest 
degradation efficiency of MO dye observed at pH 6 or 11 in Figure 4.4. 
𝐻2𝑂2
ℎ𝜐
→ 2𝑂𝐻 ∙                                                   (4.4)                      
𝐸𝑂𝐻∙ = 𝐸𝑂𝐻∙/𝐻2𝑂
0 − 0.059𝑝𝐻                                         (4.5) 
𝑂𝐻 ∙ +𝐻𝑂2
− → 𝑂𝐻− + 𝐻𝑂2 ∙                                        (4.6)               
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Figure 4.4 Concentration remaining versus degradation time, showing the 
degradation performance of MO dye at different solution pH values (C0 of 
MO=25 mg∙L-1, C0 of FA=0.005 M, aeration and UV-Vis irradiation was the 
same as before) 
Figure 4.5 UV-Vis absorption spectra of MO under different pH ranges 
4.3.5 Mineralization of MO dye 
The mineralization or complete degradation of MO dye in the process was 
furthermore investigated through TOC analysis of the samples, by deducting 
the contribution of TOC from FA (that was determined from the HPLC 
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quantitative measurement of FA in the sample). In other words, the TOC 
removal value of MO dye was calculated by the total TOC removal value of 
the solution sample, minus the TOC value of the reduced amount of FA in the 
degradation process. The obtained results are shown in Figure 4.6. It has been 
found that, after 1.5 h degradation, the TOC value of the MO dye solution (C0 
of MO=25 mg∙L-1) dropped from initial 11.78 mg∙L-1 to 2.14 mg∙L-1, 
achieving an effective TOC reduction rate of about 81.8%; as shown in Figure 
4.6. The TOC of the dosed FA (C0 of FA=0.005 M) was found to be dropped 
by around 3.16% only at the end of 1.5 h degradation time. In terms of molar 
concentration, this gives about 0.063 mM MO mineralized while only 0.158 
mM FA disappeared (consumed). Since the stoichiometry for MO 
mineralization would generally indicate that each molar MO mineralization 
needs at least several or more molar reactive species (H2O2 or OH∙ radicals) 
for the reaction, it is therefore interesting to note that the reactive species 
produced from FA appeared to preferentially degrade MO dye but to a much 
less extent, if any, to degrade FA itself in the solution. To confirm this, a 
degradation test was conducted under the same condition except that no MO 
dye was added into the solution. With 0.005 M FA in the solution, the TOC 
reduction rate of FA was about 20% after 1.5 h reaction time. This was much 
larger than the TOC reduction of FA in the solution with both MO dye and FA, 
suggesting that MO dye was indeed selectively degraded to a large extent over 
FA if both were present. In this regard, FA behaved like a photocatalyst in 
some extent for the degradation of MO dye (itself does not change 
significantly in the reduced amount). Since the current process is targeted as a 
pre-treatment step for MO dye removal and FA is a readily biodegradable 
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compound (Steber et al., 1985; Singh et al., 2004; Chiellini et al., 2012), any 
remaining of FA in the solution can therefore be expected to be removed 
effectively in the following biological process to be used (which will be 
explained in Chapter 6). 
Figure 4.6 Changes of TOC from MO dye and FA, respectively, after 1.5 h 
reaction (C0 of MO=25 mg∙L
-1
, C0 of FA=0.005 M, pH=2.9) 
4.3.6 Verification of in-situ generated H2O2 in the solution 
In the previous discussion, it has been assumed that the dosed FA in the 
system may act as a source to promote the production of the H2O2 species that 
lead to the formation of the OH∙ radicals for MO dye degradation. It is 
therefore of great interest to analyse and verify the presence of H2O2 generated 
in-situ during the degradation process. In the experiments, the concentration of 
H2O2 in the FA+aeration+UV-Vis irradiation system (without the presence of 
MO) was monitored, with the results being presented in Figure 4.7. When no 
FA was added in the solution, the H2O2 concentration within the 1.5 h reaction 
time was detected at a very low level (<10
-7
M). As the FA dosage increased 
 71 
 
from 0.001 to 0.01 M,  the H2O2 concentrations detected were all increased in 
a positive correlation with the FA dosage before 0.75 h, but all approached a 
plateau at around 3.2×10
-5 
M at the end of the 1.5 h experiment, which was at 
least two orders’ greater than that without FA. According to Eq. (4.1), the 
amount of H2O2 generated in-situ may equal to the amount of FA consumed. 
From the HPLC study in the determination of the amount of FA consumed and 
H2O2 generated after the 1.5 h process time, the system with 0.005 M FA 
dosage produced about 3.2×10
-5
 M H2O2, and the FA consumed was around 
3.6×10
-5
 M. The result did seem to support the reaction stoichiometry given in 
Eq. (4.1). Therefore, the experimental results in this part of study indeed 
confirm the enhancement mechanism of FA dosed in the system for MO 
degradation to be, at least, through the promotion of the production of H2O2. 
However, it may be worth to mention that at long reaction times, all the H2O2 
concentration plateaus under different FA dosages eventually approached 
about the same level, which may suggest that FA can behave not only as a 
source of H2O2 but also a sink for H2O2 at high H2O2 concentrations (e.g., FA 
0.01 M), particularly when there was no other degradable compound (e.g., MO) 




Figure 4.7 H2O2 generated in the FA+aeration+UV-Vis irradiation solution 
system for varied amounts of FA from 0 to 0.01 M (without the presence 
of MO dye) 
4.3.7 Degradation kinetics of MO dye 
According to the experimental results discussed above, the degradation rate of 
MO dye may be related to both the MO dye concentration and the FA dosage 
when other process conditions were fixed as constant. In this study, however, 
the dosages of FA applied were much higher than the MO dye concentration, 
and the experimental results also confirmed that the changes of FA 
concentration in the process were relatively small or minimum. Therefore, the 
concentration of FA during the degradation of MO dye may be considered as 
constant and the reaction rate, r, of MO dye in the system may be assumed to 
be related to MO concentration only: 
 
𝑟 = 𝑘𝐶𝑀𝑂
𝑎                                                               (4.7) 
where “k” is the apparent rate constant and the exponent “a” indicates the 
reaction order of MO dye.  
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Particularly, when a pseudo-first-order reaction rate is taken (let a=1), the 
mass balance equation for MO dye degradation can lead to a relationship of 
ln(C0/Ct)=kt. A plot of ln(C0/Ct) versus t for the experimental data of MO dye 
degradation obtained under various FA dosages are shown in Figure 4.8. It can 
be found that the degradation curves of MO dye versus t with different 
dosages of FA in the solutions are well fitted by straight lines of ln(C0/Ct) 
versus t, suggesting that MO dye degradation did follow a pseudo first-order 
reaction kinetics in these cases, with all the R
2
 values from the data fitting in 
the range of 0.923 to 0.997. In addition, the rate constant values of k show a 
distinct positive correlation with the FA dosage; see Table 4.1. 
 Figure 4.8 First-order reaction kinetics fitted to the degradation data of 
MO dye obtained under different dosages of FA in the solutions (C0 of 
MO=25 mg∙L-1, aeration and UV-Vis irradiation was constant as before) 
 





















Table 4.1 First-order rate constants obtained by fitting ln(C0/Ct) versus t to the 
degradation data of MO dye obtained with different dosages of FA in the 
solutions, as shown in Figure 4.8 
However, when the assumed first-order reaction kinetics for the degradation of 
MO dye was applied to the data obtained under different initial MO 
concentrations (from 25 to 100 mg∙L-1) but at a fixed FA dosage (0.005 M), 
the straight line relationship given by ln(C0/Ct)=kt was found to be still valid 
for MO dye concentration of 25 or 50 mg∙L-1 but deviated away at the case of 
100 mg∙L-1; see Figure 4.9. This suggests that the assumption for FA to be 
constant during the reaction process was no longer valid at the high MO to FA 
ratio.  
Figure 4.9 First-order reaction kinetics fitted to the degradation data of MO 
dye obtained under different MO initial concentrations but at a fixed FA 
dosage in the solutions (C0 of FA=0.005 M, pH=2.9) 
4.3.8 Scavenger test for the OH∙ radical 
In the early discussion, the generation of H2O2 in the system was verified. 
However, there are literature results showing that the degradation effect on 
MO dye by H2O2 alone without UV irradiation was negligible (Haji et al., 
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2011; Aleboyeh et al., 2003), and the degradation of various dyes was mainly 
attributed to the OH∙ radicals that may be produced from H2O2. To probe the 
effect of OH∙ radicals generated from FA in the system on MO dye 
degradation, isopropyl alcohol (IPA) was used as the OH∙ scavenger to trap 
the OH∙ radicals in the study (all other conditions were the same but the 
amount of IPA added was changed). IPA has been known to be oxidized by 
the OH∙ radical with the rate constant at as high as 1.9×109 M−1s−1, which is 
nearly as fast as the diffusion limit (Chen et al., 2005). 
The experimental results fitting to the first-order reaction kinetics of the MO 
dye degradation are presented in Figure 4.10. Without the IPA added into the 
MO dye solution, the reaction rate constant for MO dye degradation was at 
1.457 h
-1
. With 0.1M IPA added, the reaction rate constant reduced to only 
0.877 h
-1
, which is 60% of the k value of the control experiment (no IPA 
added). We further prepared a MO dye solution with IPA entirely as the 
solvent (not adding any ultrapure water) for the experiment, and the k value 
for MO dye degradation was found to decrease further down to 0.536 h
-1
, 
which was only 37% of that from the control. These results show that the 
addition of IPA did significantly hinder the degradation of MO dye in the 
solution, probably due to the high preference of the produced OH∙ radicals in 
the system for IPA oxidation than for MO dye degradation. Therefore, the OH∙ 
radicals generated probably through the path as shown in Eq. (4.4) did play a 
considerably important role in the degradation of MO dye in the studied 
system. Nevertheless, there was still some MO dye degraded in the case of 
IPA being used as the solvent. This effect may be attributed to, at least partly, 
the photolysis of MO, as indicated in system 3) in Figure 4.1. Also, other 
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reaction mechanisms, in addition to that of the OH∙ radical, may be involved 
in view of the complex structure of MO dye as well as the complexity of the 
reaction solution system. 
Figure 4.10 Fitted results of the first-order reaction kinetics to the 
degradation of MO dye in the system, demonstrating the effect of OH∙ 
radical on MO dye degradation through the scavenger test by adding 
different concentrations of IPA into the solution (C0 of MO=25 mg∙L
-1
, C0 
of FA=0.005M, pH=2.9) 
4.3.9 Degradation intermediate compounds 
To demonstrate the degradation of MO dye and probe the formation of the 
degradation intermediate compounds in the system and further confirm the 
effect of FA, samples were collected from the reactor at 0 h (initial) and 1.5 h 
(final), respectively, and were analysed with HPLC. The HPLC results are 
shown in Figure 4.11. The peaks with the retention time tR=7.6 min in Figure 
10 are identified as the characteristic peak of MO dye molecule. When FA was 
not added, the MO peak was observed not changed noticeably in Figure 4.11 
at the end of the 1.5 h reaction time. Also the intermediate compounds that 
would appear at other retention times are found to be insignificant. This 
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suggests that MO dye was hardly degraded without dosing FA, an indication 
of the significance of FA in the studied system. In contrast, with FA added, the 
characteristic MO dye peak weakened and almost completely disappeared at 
the end of the 1.5 h reaction time in Figure 10, indicating that MO dye was 
degraded. Moreover, it is clearly observed in Figure 4.11 that a number of new 
peaks with tR=3.2, 5.1, 5.8 and 6.9 min appeared, which are an indication of 
various intermediate compounds generated during the process of MO dye 
degradation with the presence of FA in the system. 
Figure 4.11 HPLC results showing the decrease of MO dye molecules and 
intermediate compounds produced during the degradation of MO dye with or 
without FA (C0 of MO=25 mg∙L
-1
, C0 of FA=0.005 M, Detective 
wavelength=272 nm) 
To further characterize the formed intermediate compounds, LC-MS analysis 
was performed. According to the EIS scan of LC-MS, MO molecules 
(m/z=304) were decomposed into compounds with small molecular sizes 
(Results are not included here). The m/z values of some of the major 
intermediate compounds were 290.0248, 216.9733, 201.9530, 112.9745, 
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109.0098, 96.9418 and 59.0050. Based on the m/z values and literature, the 
chemical structures of 6 intermediates were hypothesized and listed in Table 
4.2 (Baiocchi et al., 2002; Hua et al., 2013; Kaur et al., 2014; Lü et al., 2013). 
It can be speculated that the MO molecule was taken off Na
+
 when dissolving 
into the water solution and a –CH3, forming the intermediate with the m/z 
value of 290. Under the attack of oxidative species such as the OH∙ radicals, 
the structure was further degraded, forming the intermediates as shown Table 
4.2, No. 2 and No. 3. Then, ring-opening process took place followed by the 
complete mineralization process, and more intermediates smaller m/z values 
were generated such as the intermediates No. 4 and No. 6 in Table 4.2, as well 
as inorganic final products such as SO4
2-
. Hence, from both the HPLC and LC-
MS results, it can be concluded that during the degradation process of MO dye 
in the FA+aeration+UV-Vis irradiation system, MO dye molecules were 
indeed broken down into smaller intermediates, such as the production of 
some aromatic compounds or organic acids. 






























 59.0050 Lü et al., 
2013 
Table 4.2 Hypothesized structures of intermediates identified using LC-MS 
during degradation of 100 mg∙L-1 MO dye 
4.3.10 Comparison of MO dye degradation in traditional H2O2+UV-
Vis and the present systems 
In AOP processes, degradation of organic compounds may often be conducted 
by adding H2O2 in the system with UV irradiation (Yang et al., 2014; Zuorro 
et al., 2014; Crittenden et al., 1999). In the present study, FA dosage may be 
considered as a replacement of the more expensive chemical of H2O2 often 
used in AOPs, but with lower cost and handling risk. 
A preliminary study was conducted to compare the performance of MO dye 
degradation for the system adding H2O2 or dosing FA. The obtained 
experimental results are given in Table 4.3. We can find from the table that the 
degradation rate of MO dye after 1.5 h reaction was 22, 77 and 78%, 
respectively, with the addition of 0.1 M H2O2, 1 M H2O2 or 0.005 M FA in the 
system, with the initial MO dye concentration at 100 mg∙L-1. The degradation 
results suggest that adding 0.005 M FA achieved an equivalent or even better 
effect as adding 1 M H2O2 in the system. Moreover, in terms of the 
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mineralization rate, the MO dye with 1 M H2O2 reached 19%, far less than that 
with 0.005 M FA, reaching about 52% after 1.5 h reaction time. Even by 
extending the degradation process time to 2, 2.5 and 3 h, we found that the 
TOC reduction rate of MO dye with 0.005 M FA was still much higher than 
that with 1 M H2O2; see the results shown in Figure 4.12. Hence, FA appeared 
to be technically a more effective replacement of the H2O2 chemical for MO 
dye degradation and, especially for mineralization when needed. In the market, 
it may be find that commercial FA and H2O2 often have a more or less 
compatible unit price, but the much less consumption amount of FA (e.g., 
0.005M) than H2O2 (e.g., 1M) can make the replacement possibly a much 
cheaper option to adopt as well. 
The exact mechanism on the reason that FA (0.005M) than H2O2 (1M) 
achieved a similar decolouration rate but a much higher mineralization rate for 
MO dye in the experiments is however not yet clear. Since decolouration is 
more related to the degradation of the large MO molecules while 
mineralization is also related to the degradation of the smaller intermediate 
compounds from MO dye, the results in this part seem to suggest that FA 
possibly had more powerful degradation effect on the smaller intermediate 
compounds than H2O2. This however needs to be further investigated in the 
future. 







Decolorization (%) 22 77 78 
TOC removal (%) 5.8 19 52 
Table 4.3 Degradation and mineralization performance of MO dye in the 




Figure 4.12 Changes of TOC of the MO dye solutions with 0.005M FA as 






A new degradation system for MO dye was examined, with FA dosed as a 
source for the production of the reactive species of H2O2 under the condition 
of aeration plus UV-Vis irradiation. The experimental results demonstrated the 
effectiveness of the system with the addition of FA that greatly enhanced the 
degradation of MO dye. It was found that there was generally a positive 
correlation between the degradation performance and FA dosage when the FA 
to MO ratio increased within a certain range. The degradation performance of 
MO dye appeared to be much better under acidic conditions, which is a 
favourable result with the addition of FA in the solution. TOC analysis 
confirmed the mineralization of MO dye, which may be as high as 80%, 
depending on the FA and MO ratio and the reaction process time.  HPLC and 
LC-MC results also confirmed the generation of the intermediate compounds 
in the degradation process, including organic acids as well as some aromatic 
compounds. The production of H2O2 was confirmed to be an enhancing 
mechanism in MO dye degradation as a result of dosing FA into the system 
with aeration plus UV-Vis irradiation. The experiment on the scavenger effect 
revealed that the OH∙ radicals generated from H2O2 indeed played an 
important role in the degradation of MO dye in the system. Preliminary results 
also showed that dosing FA can be an effective replacement of H2O2 that is 
commonly practiced in many other AOP processes, with the possible 
advantages of more effective, cheaper and less risk to handle. Although FA 
may also partly act as the role of a photocatalyst and not be completely 
mineralized in the process, FA, which has a simple structure, can be easily 
removed in a following biological process. Hence, the present study presents a 
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potentially useful method for the pre-treatment of highly recalcitrant organic 
pollutants, such as MO dye, before a biological treatment process is more 




Chapter 5 Degradation of methyl orange dye in 
aqueous solutions by a hybrid AOP system applying 
both TiO2-GO and FA+aeration+UV-Vis 
 
 
5.1  Introduction 
As a type of AOPs, TiO2 photocatalysis shares the common feature as other 
AOPs, employing OH∙ radicals as oxidant to degrade organic pollutants. 
Hence, there is the possibility to integrate TiO2-based photocatalysis with 
other chemical-based AOPs to further improve the efficiency of dye 
wastewater treatment. Some reports in the literature appeared to demonstrate 
such feasibility of using an integrated process. For example, Sun studied the 
system of TiO2+UV+O3 for the degradation of Brilliant Red X-3B, an azo dye, 
in aqueous solutions (Sun et al., 2013). It was found that the added ozone (O3) 
was easily reduced by the e
-
 generated on the surface of TiO2, resulting in the 
generation of the OH∙ radicals through a series of reactions. In addition, O3 




 pairs in the process, improving 
the utilization rate of the h
+
 produced on the photocatalyst. As a result, the 
highest degradation efficiency of Brilliant Red X-3B was achieved by using 
the TiO2+UV+O3 system, as compared with other single or combined AOPs 
investigated. Other researchers, however, reported that, in spite of the 
enhanced treatment efficiency of TiO2 photocatalysis with the company of O3, 
it was the h
+
 produced by TiO2 acted as the main oxidative species for dye 
degradation in this process, and the role of the added O3 was merely to prevent 




 pairs (Ye et al., 2009). 
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Apart from O3, H2O2 is another powerful oxidant that can work with the 
TiO2+UV photocatalysis system to enhance the performance of dye 
wastewater treatment. Similar to O3, H2O2 is also known to be able to trap the 
photo-generated e
-
 on the conductive band (CB) of the photocatalyst and thus 




 pairs produced by TiO2 (Auguliaro 
et al., 1990). Moreover, H2O2 can be directly transformed into the OH∙ 
radicals after accepting e
-
, thus increasing the concentrations of the oxidative 
species in the treatment system (Auguliaro et al., 1990). In addition, the 
peroxide groups were found to be able to modify the surface of TiO2 and push 
the light absorption spectra of TiO2 into the visible light range (Li et al., 2001). 
Hence, H2O2 would have a special effect on enhancing the visible light 
reactivity of TiO2, which cannot be achieved by O3 in the TiO2+UV+O3 
system. There have been some reports in dye wastewater treatment using a 
hybrid system of TiO2+UV+H2O2, which showed the enhanced degradation 
efficiency of dye than the conventional TiO2+UV system alone (Bouanimba et 
al., 2015; Luo et al., 2015). However, these studies used the powder form of 
TiO2 photocatalyst in slurry reactors, which had difficulty in separation or 
recovery of the photocatalyst particles from the treated wastewater. 
Herein, we reported a new hybrid system using the immobilized TiO2-GO 
composite photocatalyst described in Chapter 3, together with formic acid (FA) 
as the process enhancer (instead of using H2O2 practiced by others) described 
in Chapter 4 for improved performance in dye degradation. The effects of the 
concentration of FA and the dosage of the TiO2-GO composite photocatalyst 
upon the degradation efficiency of the MO dye were investigated. The 
sequence and timing of dosing the photocatalyst were also examined. Besides, 
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the generation of degradation intermediate by-products of MO dye in the 
process was analysed. Furthermore, FeSO4 is also added into the system to 





5.2  Experimental 
5.2.1 Reagents 
Chemicals used in this study are all reagent grade, which included: formic acid 
(FA, 98%, VWR), methyl orange dye (MO, Sigma Aldrich), hydrogen 
peroxide (H2O2, 30%, Sigma Aldrich), sodium hydroxide (Merck), sulphuric 
acid (95%, VWR), acetonitrile (Tedia), and ammonium acetate (Sigma 
Aldrich). Ultrapure water (18.2 MΩ∙cm) was used to prepare solutions in all 
experiments. Buoyant TiO2-GO composite photocatalyst used in this study 
was prepared in lab with details described in Chapter 3. 
5.2.2 Degradation of MO dye in the hybrid AOP system applying 
both TiO2-GO and FA+aeration+UV-Vis 
All the photocatalytic degradation experiments by the hybrid system were 
performed in a 400 mL glass reactor, with a water circulation jacket connected 
to an external water circulator (Julabo, Germany) for the control of the process 
temperature. A 150 W xenon lamp (Newport, USA), with an irradiation area 
of the diameter of 69 mm (providing the UV light at 48 W∙m-2 and visible light 
at 178 W∙m-2), was used as the light source, installed at 20 cm above the water 
surface in the reactor. The volume of MO dye wastewater (synthesized by 
dissolving MO in ultrapure water) was 200 mL in the reactor for each 
experiment. The initial concentration of MO dye was relatively in this case, at 
200 mg∙L-1 unless otherwise stated and the dosage of FA was from 0 to 0.005 
M. Air aeration was provided to the reactor at an air flow of 0.5 L∙min-1 from a 




The color change of the MO dye solution in the reactor was monitored by 
taking samples and measured using a UV-Vis spectrophotometer (Jasco V660, 
Japan) at 465 nm (under neutral to basic pH conditions) or at 500 nm (under 
acidic pH conditions) during the experimental study. Samples (3 mL) were 
taken from the reactor at various desired time intervals for the determination 
of light absorbance readings and a calibration curve, established on the basis 
of the Beer-Lambert’s law, was used to relate the peak light absorbance value 
to the weight concentration of the MO dye in a sample. The percentage of MO 




× 100                                                    (5.1) 
where C0 and Ct are the initial concentration of MO, or MO dye concentration 
at degradation time t, respectively.  
The mineralization rate of MO dye in the solution during the degradation 
process was estimated by the change of Total Organic Carbon (TOC), 
calculated by an equation similar to Eq. (5.1). The analysis of TOC for a 
sample was carried out by the same method as described previously (see 





5.3  Results and discussion 
5.3.1 Photocatalytic degradation of MO dye in the 
FA+aeration+UV-Vis+TiO2-GO hybrid system 
To examine the photocatalytic degradation performance by the hybrid system 
applying TiO2-GO and FA/O2/UV-Vis and compare it with the results in 
Chapter 3, the MO dye solution with the initial concentration of 25 mg∙L-1 was 
used. The FA dosage was 0.005 M and 25 g∙L-1 TiO2-GO composite 
photocatalyst was dosed into the hybrid system to conduct the photocatalytic 
degradation for 1 hour. The degradation results are present in Figure 5.1. The 
degradation rate by the hybrid system after 1 hour reaction was 96%, much 
higher than that by TiO2-GO alone (21%) and FA alone (38%). In addition, 
the results clearly showed a synergetic effect between TiO2-GO and FA, 
which may be due to an increase of highly oxidant species in the hybrid 
system as discussed in Chapter 4 and the lower solution pH, which is 
beneficial to TiO2-GO.  
Table 5.1 showed a preliminary comparison of the MO dye degradation 
efficiency in the FA+aeration+UV-Vis+TiO2-GO hybrid system in this study 
and those in some other photocatalytic degradation methods in literature. It 
can be seen that the photocatalytic degradation rate of the FA+aeration+UV-
Vis+TiO2-GO hybrid system demonstrated an advantage of MO dye 
wastewater treatment over the photocatalytic degradation methods listed in the 
table. 
To further investigate the photocatalytic performance by the hybrid system for 
higher initial concentration of MO dye solutions, 200 mg∙L-1 MO dye 
concentration was used from Section 5.3.2. 
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Figure 5.1 Degradation results of MO dye in different systems, showing the 
synergistic effect of FA+aeration+UV-Vis+TiO2-GO (C0 of MO=25 mg∙L
-1
, 














1 25 200 96% This study 
3.3 10 50 90% Jafari H. et 
al., 2015 
1.5 20 10 ~100% Xia Y. et al., 
2014 
1.5 20 50 ~100% Jiang Y. et 
al., 2014 
2.3 20 40 100% Chen Y. et 
al., 2013 
Table 5.1 Comparison of the MO dye degradation efficiency in the 
FA+aeration+UV-Vis+TiO2-GO hybrid system and those in some other 
photocatalytic degradation methods in literature 
5.3.2 Effect of FA dosage 
The effect of FA concentration was examined by varying the concentration of 
FA from 0, to 0.001, 0.002, 0.003, 0.004 and 0.005 M, respectively, while the 
dosage of TiO2-GO composite photocatalyst was kept at zero. The results of 
TOC removal are present in Figure 5.2. 
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Figure 5.2 Changes in TOC of MO dye (200 mg∙L-1) under different FA 
dosages in the system but with no TiO2-GO composite photocatalyst added 
When no FA was added, the reduction of the TOC value was almost negligible 
through the 8 hours degradation experiment. This serves as a demonstration of 
MO dye stability under UV irradiation. The addition of various amounts of FA 
all led to the increase in TOC reduction for the MO dye solution. Therefore, 
FA also showed an enhancement effect on the mineralization of MO dye with 
a relatively high concentration, which was 200 mg∙L-1, higher than MO dye 
concentration in Chapter 4. 
It was found that the trend of TOC removal for all the FA dosages investigated 
were similar, indicating that FA had the same mechanism contributing to the 
mineralization of MO dye. However, the initial TOC values of the solutions 
were different at different FA dosages, being in the order for solutions of 
0.005 M FA>0.004 M FA>0.003 M FA>0.002 M FA>0.001 M FA>No FA. 
This is due to the fact that FA is also an organic compound and thus its 
presence in the MO dye solution would increase the total TOC of the solutions. 
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According to the TOC results in Figure 5.2, the TOC values for all the systems 
with various FA dosages almost stopped decreasing after 6 hours, with the 
final TOC values being in the order for solutions of No FA>0.005 M 
FA>0.003 M FA>0.004 M FA>0.001 M FA>0.002 M FA. So, 0.002 M FA 
was selected as the dosage for the later experiments in the hybrid system.  
5.3.3 Effect of TiO2-GO composite photocatalyst dosage 
The effect of TiO2-GO composite photocatalyst dosage was examined from 0 
to 25, 50, 100 and 150 g∙L-1, but at a fixed FA dosage (0.002 M) for the hybrid 
system. The results in the TOC removal are shown in Figure 5.3.  
Figure 5.3 Changes of TOC ratio of the MO dye solutions under different 
dosages of the TiO2-GO composite photocatalyst but with a constant dosage of 
FA (0.002 M) 
Unlike the TOC curves shown in Figure 5.2, the TOC decrease results in 
Figure 5.3 became more significant when buoyant TiO2-GO composite 
photocatalyst was added along with FA. Most of the TOC decrease took place 
in the first two hours of the process when both TiO2-GO and FA were applied, 
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much shorter time taken than that using FA only (6 hours in Figure 5.2). 
Moreover, at the end of the second hour of treatment, experiments with all the 
dosages of the TiO2-GO were found to bring about better TOC decrease rate 
than the blank (only FA was added). 
The rate ranking of TOC degradation at the end of the second hour is: 50 g∙L-1 
TiO2-GO (46%)>25 g∙L
-1
 TiO2-GO (41%)>100 g∙L
-1
 TiO2-GO (40%)>150 
g∙L-1 TiO2-GO (28%)>no TiO2-GO (23%). The results confirm that integrating 
TiO2-GO composite photocatalyst with FA can effectively improve the 
mineralization efficiency of MO dye with a higher initial concentration of MO 
dye (200 mg∙L-1). 
However, a proper amount of TiO2-GO with the FA (0.002 M) appeared to be 
important. Based on the results in Figure 5.3, the process with 50 g∙L-1 dosage 
of TiO2-GO was selected as the preferred dosage to achieve the highest TOC 
degradation of MO dye in 2 h treatment time in the following study. This is 
desirable as longer photocatalysis time increases the energy cost of treatment. 
In Figure 5.3, it is also observed that at the dosage of TiO2-GO higher or lower 
than 50 g∙L-1, poorer TOC degradation rates were obtained at 2 h treatment 
time. These results suggest that there was an optimal ratio between the 
buoyant TiO2-GO composite photocatalyst and FA, and excess or insufficient 
of TiO2-GO would not have or bring much positive effect on the MO dye 
degradation. The reason is probably that at lower dosage of TiO2-GO 
composite photocatalyst, the amount of TiO2 in the system is too small to take 
great effect; and however, at higher dosage of TiO2-GO, the granules might 
reduce or block the UV light penetration into the water body for reaction with 
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FA to effectively produce the high oxidative radicals. In consideration of the 
TOC removal results in Figure 5.2 and 5.3, 0.002 M FA+50 g∙L-1 TiO2-GO 
composite photocatalyst was selected as the optimal dosage combination and 
used in further experiments and study described below. 
5.3.4 Comparison of different types of hybrid AOPs 
The degradation efficiency of MO dye was compared with different types of 
hybrid AOPs, including the addition of different amounts of H2O2 with the 50 
g∙L-1 TiO2-GO composite photocatalyst to degrade MO dye solution at a 
concentration of 200 mg∙L-1. The TOC removal results are shown in Figure 
5.4. From the results, it can be clearly found that the integrated hybrid system 
of FA and 50 g∙L-1 TiO2-GO achieved the best TOC removal rate in 2 hours 
experiment period, during which 46% of the TOC was eliminated. In 
comparison, the system used FA only removed 32% of the total TOC. As for 
the system with H2O2 and FA, different H2O2 also resulted in different TOC 
removal results. When the H2O2 dosage was small (0.01 M), the TOC 
experienced a faster removal trend in the first 2 hours than the system with FA 
only, which indicates a positive effect of adding H2O2. After 2 hours, the TOC 
reduction changed only slightly. When the H2O2 dosage was increased 10 
times to 0.1 M, however, no positive but inhibiting effect appeared. Only 18% 
of TOC removal was achieved in this case, much less than that achieved in the 
systems with FA, or FA+0.01 M H2O2 and FA+50 g∙L
-1
 TiO2-GO. This 
phenomenon may be explained by the radical scavenging effects caused by the 
high level of H2O2, because H2O2 is known to have the capability to react with 
the OH∙ radicals, which can result in a slower degradation of MO dye (Minero 
et al., 2005). 
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Figure 5.4 TOC removal rates of 200 mg∙L-1 MO dye solution degraded by 
FA+aeration+UV-Vis only and integrating FA+aeration+UV-Vis with 0.01 M 
H2O2, 0.1 M H2O2 and 50 g∙L
-1
 TiO2-GO composite photocatalyst 
5.3.5 Preliminary study in the possible effect of adding Fe2+ 
To further explore the Fenton-like reaction effect in the hybrid system with the 
addition of Fe
2+
 ions, two dosages of FeSO4 (2×10
-5
 M and 1×10
-4 
M) were 
applied to the hybrid system with FA or FA plus TiO2-GO composite 
photocatalyst for a preliminary study. The TOC removal results are shown in 
Figure 5.5. The TOC removal rate for the system of FA+2×10
-5
 M FeSO4, 
FA+1×10
-4
 M FeSO4 and FA is only 47%, 46% and 40%, respectively, which 
means that the addition of Fe
2+
 ions indeed enhanced the mineralization 
efficiency of MO dye. It is known that in a strong acidic solution containing 
H2O2 and excess Fe
2+
 ions, Fenton reaction will occur between H2O2 and Fe
2+
, 
which can produce more OH∙ radicals than the system with H2O2 only (Kuo, 
1992). In our previous study, H2O2 was detected to present in the FA/O2/UV-
Vis system. During the reaction process, the pH of the solution was measured 





 in the solution may enable the Fenton reaction in the 
FA+aeration+UV-Vis system. The difference in TOC removal rates at the end 
of 3 hours reaction by the FA+2×10
-5
 M FeSO4 and FA+1×10
-4
 M FeSO4 
systems were found to be negligible, thus the smaller dosage of FeSO4 at 
2×10
-5
 M was selected. When combining FA+aeration+UV-Vis with 2×10
-5
 M 
FeSO4 and 50 g∙L
-1
 TiO2-GO in the system, the highest TOC removal 
efficiency was achieved in a very short time, reaching 45% TOC removal in 
only 1 hour or 52% after 3 hours; see Figure 5.5. 
Figure 5.5 TOC removal rates for 200 mg∙L-1 MO dye solution in different 
hybrid systems with different dosages of Fe
2+
 (dosages of TiO2-GO=50 g∙L
-1
, 
FA concentration=0.002 M) 
5.3.6 Effect of dosing TiO2-GO composite photocatalyst at different 
time 
The effect of dosing TiO2-GO composite photocatalyst at different processing 
times on MO dye degradation or removal was investigated. The TOC removal 
results are shown in Figure 5.6. It can be found that the different timing of 
adding the TiO2-GO composite photocatalyst into the system resulted in a 
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change in the TOC removal trend. When TiO2-GO was added at the beginning, 
TOC removal was the most and mainly took place in the first two hours after 
which the curve flattened. However, when TiO2-GO was dosed at the end of 
the second hour, the TOC removal curve became flattened from the third hour 
and after, and the total TOC removal was lower than in the first case (dosed at 
the beginning). For the TOC curve for the case of TiO2-GO dosed at the end of 
the fourth hour, the removal of TOC was found in a consistent way and no 
flattened phase was observed. The TOC removal rate after 6-hour treatment in 
the 3 cases was 48%, 38%, and 44%, respectively. Since the TOC reduction 
rate was the highest for TiO2-GO dosed at the beginning, it shows a better 
combination of the effects of the photocatalysis and chemical oxidation. This 
dosing mode is considered to be preferable in the operation of the combined 
system. 
Figure 5.6 TOC removal rates for the 200 mg∙L-1 MO dye solution in the 
system of FA+aeration+UV-Vis+TiO2-GO with different timing of dosing the 
TiO2-GO composite photocatalyst 
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5.3.7 Effect of different dosing modes of FA  
The dosing modes of FA may affect the degradation of MO dye and hence was 
tested. In this part of the study, the total amount of 0.002 M FA was added in 
one event (100%), or two events (50% each), or three events (one third each) 
to investigate the effect on the removal of MO dye. In the single dosing event, 
the 0.002 M FA was added into the MO dye solution at the beginning. As for 
the two events dosing, 0.001 M FA was added in the beginning and the other 
half at the 3
rd
 hour. For the three events dosing, each of the 0.00067 M FA was 
added into the solution at 0 hour, 2
nd
 hour and 4
th
 hour of the process. The 
obtained results are shown in Figure 5.7. It can be found that the highest TOC 
removal was achieved in the case of all FA being added into the solution at the 
beginning. There exists a positive correlation between the TOC degradation 
rate and the initial FA concentration, and TOC removal rate was 59.1%, 
46.7% and 47.1% for FA dosed in the one, two and three events dosing mode. 
Since FA played an important role in the TOC removal of MO dye, the earlier 
and more sufficient addition of FA provide better performance, probably due 
to more reaction species produced and longer reaction time.  
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Figure 5.7 TOC removal rates for the 200 mg∙L-1 MO dye solution in the 
system of FA+aeration+UV-Vis+TiO2-GO with the 0.002 M FA dosed in 
different modes 
5.3.8 Decolorization and mineralization efficiency  
Under the identified optimal conditions in the previous section, a 200 mg∙L-1 
MO dye solution was treated for 6 hours to evaluate the decolorization and 
TOC removal efficiency, with the obtained results shown in Figures 5.8 and 
5.9. During the period of 6 hours, the removal of color continuously increased 
to about 69%, with a distinct color change as shown in the photo in Figure 5.8. 
The light absorption peak measured by a UV-Vis spectrophotometer also 
showed similar change (result not shown). The removal of TOC quickly 




Figure 5.8 Photos showing the color change of the MO dye solution during the 
6 hours of treatment in the system of FA+aeration+UV-Vis+TiO2-GO under 
the optimal condition (dosages of TiO2-GO=50 g∙L
-1
, FA concentration=0.002 
M, FeSO4 concentration=2×10
-5
 M; TiO2-GO, FA and FeSO4 were all dosed at 
the beginning of the reaction) 
Figure 5.9 Decolorization and TOC removal rates during the 6 hours of 
treatment for the 200 mg∙L-1MO dye solution in the system of 
FA+aeration+UV-Vis+TiO2-GO under the optimal condition (dosages of 
TiO2-GO=50 g∙L
-1
, FA concentration=0.002 M, FeSO4 concentration=2×10
-5
 





5.4  Conclusions 
The objective of the study in this part is to investigate the combined effect of 
heterogeneous process (such as that in Chapter 3) and homogeneous process 
(such as that in Chapter 4) as a pre-treatment on the degradation or removal of 
MO dye.  
FA added in the system was found to increase the concentration of the highly 
oxidative species as compared to using FA alone discussed in Chapter 4. The 
TiO2-GO composite photocatalyst added in the system achieved a significant 
improvement in the mineralization of MO dye. The results clearly showed a 
synergetic effect by the hybrid system combining FA and the TiO2-GO 
composite photocatalyst. It was also found that the addition of FeSO4 in the 
system created on effect similar to that of Fenton reaction, which increased the 
highly oxidant species in the solution for enhanced TOC removal. 
The optimum condition for the integrated system of FA+aeration+UV-
Vis+TiO2-GO was identified to be: FA concentration at 0.002M; FeSO4 
concentration at 2×10
-5 
M; and TiO2-GO composite photocatalyst dosage at 50 
g∙L-1 for MO dye concentration at 200 mg∙L-1. All the photocatalyst and 
reagent were preferred to be dosed into the MO dye solution at the beginning 
of the process. Under the optimal condition, 69% decolorization and 47% 
TOC removal rate were successfully achieved for the 200 mg∙L-1 MO dye 
solution in 6 hours. Since the TOC removal mostly occurred in the first 2 
hours and the removal in color and TOC was not complete, further treatment, 
such as using a biological process, may be applied, because the smaller 
 102 
 
intermediate molecules produced by the AOPs can be expected to become 
more biodegradable.   
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Chapter 6 Study in the combination system of 
enhanced photocatalysis and aerobic biological process 
for the treatment of MO dye in aqueous solutions 
 
 
6.1  Introduction 
The enhanced photocatalysis of FA+aeration+UV-Vis+TiO2-GO has been 
proved to be an effective method to break down MO dye that is often 
considered as a recalcitrant pollutant widely present in many industrial 
effluents. Although the method was also found to remove a significant amount 
of MO dye in terms of TOC removal, the results indicate that the 
photocatalysis process may not be used as the end-of pipe process for MO dye 
wastewater treatment, partly due to the cost for the chemical reagent, 
photocatalyst and electrical energy needed and partly due to the lower 
efficiency for complete mineralization of MO dye molecules.  
For complete dye removal, coupling the relatively inexpensive biological 
process with the photocatalysis stage which is used as a pre-treatment to 
increase the biodegradability of MO dye can be a potentially promising 
solution. In this coupled system, photocatalysis is primarily adopted to break 
down the large dye molecules into smaller intermediate by-products that have 
simpler structures, and, also, are usually more biodegradable to be treated by 
the biological process. For the various biological processes, aerobic system is 
often preferred because it is able to degrade many organic compounds directly 
into CO2 and H2O, i.e., achieving total mineralization. 
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In studying the coupled system of photocatalysis and aerobic biological 
process, one may expect that various factors, including pH, temperature, air 
supply, F/M ratio, hydraulic retention time (HT), etc. should all be considered. 
One of the important factors is the supply of carbon source that is a necessary 
nutrient for the growth of microorganisms. Although dyes and many of their 
degradation intermediate by-products have the carbon element in their 
molecules, they may not be fully utilized by the microorganisms due to their 
less biodegradable ring structures, especially in the initial process start-up 
stage. To assist the biodegradation of dye wastewater, carbon source with 
good biodegradability may be added into the dye wastewater, including 
glucose, glutamic acid, starch etc. Some studies reported that in the presence 
of those easily biodegradable carbon co-substrates, the microorganisms 
achieved much better treatment performance in a dye wastewater treatment 
(Martin et al., 2009). 
In this part of the study, the enhanced photocatalysis method of using 
FA+aeration+UV-Vis+TiO2-GO will be applied and the process is followed 
by an aerobic biological process for the removal of the MO dye in aqueous 
solutions. Photocatalysis will be adopted as the first stage, which aims to break 
down the dye molecules into intermediates with smaller molecules and 
enhanced biodegradability. Aerobic biological process will be used as the 
second stage to further degrade the intermediates into the nontoxic end 
products, such as CO2 and H2O. Different from the systems reported by other 
researchers, we used, in this coupled process, FA as a process enhancer in the 
photocatalysis stage and also as an additional carbon source for the biological 
treatment stage to improve the degradation as well as mineralization efficiency 
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of the MO dye molecules and their intermediates. Thus, any residual FA in the 
photocatalysis process will not become a concern, because it can be fully 
utilized by microorganisms in the next biological stage. On the other hand, the 
buoyant TiO2-GO composite photocatalyst can be easily separated or 
recovered from the treated dye solution, reducing the recovery cost commonly 
encountered by many other photocatalyst systems. The biodegradability, 
decolorization and TOC removal efficiency and intermediates generation in 
the process will be examined or analysed. Different photocatalysis durations 
and combination modes with the biological process will be investigated for 
their effect on increasing the treatment efficiency and reducing the overall cost 




6.2  Experimental 
6.2.1 Reagents and chemicals 
The main reagents employed are listed below. Methyl Orange (MO, ACS 
reagent), 30% hydrogen peroxide (H2O2), iron sulphate heptahydrate 
(FeSO4∙7H2O, Reagent plus ≥99.0%), calcium chloride dehydrate (ACS grade 
≥98%), magnesium sulphate anhydrous (Reagent plus ≥99.5%), and L-
glutamic acid (Reagent plus ≥99.0%) were purchased from Sigma Aldrich. 
Formic acid (98%) was supplied by VWR. Potassium dihydrogen phosphate 
(KH2PO4, ACS grade), Potassium hydrogen phosphate (K2HPO4, ACS grade) 
and D-(+)-glucose anhydrous (ACS grade) were obtained from Sinopharm. 
Sodium hydroxide (NaOH, ≥99%) and ammonium sulphate ((NH4)2SO4, 
≥99.5) were sourced from Merck. Ferric chloride (FeCl3, 99%) was got from 
GCE. Ultrapure water (18.2 MΩ∙cm) was used to prepare solutions in all 
experiments. Buoyant TiO2-GO composite photocatalyst was prepared in our 
lab, with details described in Chapter 3. 
6.2.2 Set-up of lab scale coupled system 
The coupled system on a lab scale is schematically shown in Figure 6.1. It 
consists of a photocatalysis reactor and a biological reactor. 3 L MO dye 
solution with the initial concentration of 200 mg∙L-1 was filled into the 
photocatalysis tank. A 500 W UV lamp was used as the irradiation source 
placed above the photocatalysis tank. Air was supplied continuously to the 
reactor via an air diffuser immersed in the solution with the air flow rate at 1 
L∙min-1. The dye solution in the photocatalysis tank was stirred by a 
mechanical overhead mixer. After the photocatalysis process continued for a 
desired period of time, the pH of the solution was adjusted to the range of 6.5 
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to 7.5 by 1 M NaOH. The solution was then introduced into the biological tank 
A at a flow rate of 18 L∙h-1 with a peristaltic pump. The biological reactor used 
the activated sludge process with seed sludge obtained from a wastewater 
treatment plant (WWTP) in Singapore. The mixed liquor suspended solids 
(MLSS) concentration in the reactor was maintained at 2 g∙L-1. Aeration was 
provided through air diffusers placed at the bottom of the tank. Mechanical 
overhead mixers were also used to provide continuous and sufficient mixing 
of the contents in the reactor. The pH value of the solution in the activated 
sludge tank was monitored by a pH meter and maintained in the range of 6.5 
to 7.5 by using 1 M NaOH or 1 M H2SO4 as needed. After the biological 
degradation in tank A continued for a desired time, the mixture liquor was 
allowed to settle down for 30 min and then the supernatant from tank A was 
discharged as the final effluent.  
If the MO dye solution was not completely treated, the supernatant in tank A 
was pumped back to the photocatalysis tank for another round of 
photocatalysis. After that, the dye wastewater was introduced into the 
biological tank B that was operated under the same conditions (MLSS and pH) 
as tank A. The supernatant from tank B was then discharged as the final 




Figure 6.1 Schematic diagram of a lab scale coupled system combining 
FA+aeration+UV-Vis+TiO2-GO and aerobic biodegradation process 
6.2.3 Cultivation of the activated sludge process 
The activated sludge was obtained from the WWTP in Tuas, Singapore. The 
sludge was placed in a 20 L activated sludge tank under the temperature of 21-
22 °C (the room temperature of the lab). The pH was maintained within the 
range of 6.5 to 7.5 with NaOH or H2SO4. The dissolve oxygen (DO) 
concentration in the tank was monitored and controlled at the level of 6-8 
mg∙L-1. 
Glucose and glutamic acid were applied as the carbon source for the 
microorganisms in the reactor. The nitrogen sources used were (NH4)2SO4, 
and the phosphorus source were KH2PO4 and K2HPO4. Other mineral 
nutrients such as Mg, Fe and Ca were provided by the addition of MgSO4, 
FeCl3 and CaCl2 to the reactor. The ratio of C:N:P:trace minerals was set at 
100:5:1:0.05 (w/w). The microorganisms in the reactor were first cultivated. 
To do this, every 24 hours, the mixture in the reactor was allowed to settle for 
30 min and then the supernatant, together with those microorganisms with 
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poor settling property in it, was removed. After removing the supernatant, new 
feed water containing the same nutrients was added into the activated sludge 
tank for a new round of cultivation. The TOC values of the supernatant were 
monitored at the beginning and the end of every 24-hour cycle. The MLSS in 
the reactor was analyzed every day during the cultivation period. A 50 mL 
sample of the well-mixed sludge mixture in the reactor was taken by a 50 mL 
volumetric flask. The sample was filtered by a quantitative filter paper. The 
filter paper was dried in an oven at 105 °C for 2 hours and then cooled down 
to the room temperature (22 °C) for measuring its weight before it was used to 
filter the sample. After the filtration, the filter paper with the fitered contents 
was dried at 105 °C in an oven for 2 hours and then cooled down to the room 








                                         (6.1) 
where mf (mg) and mi (mg) are the weights after and before the filtration 
respectively. To monitor the settling property of the cultivated activated 
sludge, the sludge volume after 30 min of settling (SV30) and the sludge 
volume index (SVI) were measured every day following the standard 








                                        (6.2) 
 110 
 
The activated sludge was considered as suitable for biological treatment in the 
coupled system when the SVI value became stable within the range of 50 to 
100 (Sathian et al., 2014). 
6.2.4 Determination of biodegradability 
The biodegradaility test of MO dye after various modes and duration of the 
photocatalysis pretreatment was conducted. The biodegradability of formic 
acid (FA) that was used in the photocatalysis stage as a process enhancer was 
also measured to evaluate its potential to be removed in the biological process. 
The biodegradability test was carried out as the following. A number of 250 
mL glass conical flasks were used, covered with aluminium foil to prevent 
contamination as well as to allow consistent aeration of the contents in the 
flasks during the test. Each flask was filled with 80 mL of a water sample. The 
nutrient medium in the sample was prepared by adding KH2PO4, K2HPO4, 
(NH4)2SO4, CaCl2, FeCl3 and MgSO4, and the ratio of TOC:N:P:trace minerals 
was set at 100:5:1:0.05 (w/w).  
Activated sludge used in the biodegradability test was retrieved from the 
cultivated activated sludge tank. 10 mL activated sludge was washed with 
ultrapure water 3 times and then the solid content was inoculated into each 
flask. The biodegradability test for each sample was conducted in two parallel 
tests. After the organic matters (MO dye or FA), nutrients and activated 
sludege were all added into the flask, the flask was first shaked for one minute 
to make the content well-mixed and then a sample was taken. After that, all 
the flasks with their contents were incubated at 22±0.5 °C on a rotary platform 
shaker (150 rpm, 2.6 cm stroke) thoughout the entire biodegradability test. A 3 
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mL sample was withdrawn from each flask every day to measure the TOC 
value. The biodegradability test continued for 5 days, and the biodegradability 
was evaluated by the TOC removal rate after the 5 days of biodegradation in 
the flask. The samples that were tested are listed below: 
1) Blank sample (without any MO dye or FA added); 
2) FA solution with the TOC value equal to that of 200 mg∙L-1 MO dye; 
3) FA solution with the TOC value equal to that of 200 mg∙L-1 MO dye 
after 2 hours of photocatalysis; 
4) 200 mg∙L-1 MO dye solution; 
5) 200 mg∙L-1 MO dye solution after 1 hour of photocatalysis; 
6) 200 mg∙L-1 MO dye solution after 2 hours of photocatalysis; 
7) MO dye solution with the TOC value equal to that of 200 mg∙L-1 MO 
dye after 2 hours of photocatalysis. 
The pH of the solution in each flask was controlled in the range of 6.5 to 7.5. 
The samples taken for TOC analysis from each flask were done at the same 
time each day during the 5 days of biodegradability test. The samples were 
filtered with a 0.45 µm PTFE syringe filter, respectively, and measured their 
TOC values.  
The biodegradability for each tested sample was represented by the 




× 100                            (6.3) 
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where TOCi was the initial TOC concentration of the sample, TOCf was the 
TOC concentration measured at the end of the biodegradability test and TOCm 
was the TOC concentration of the sample that cannot be metabolized by the 
microorganisms, or the background TOC level reached with the blank medium 
at the end of the biodegradation test (Martín et al., 2009). 
6.2.5 Coupling of photocatalysis with biodegradation through 
shake-flask experiments 
To investigate the treatment efficiency by the combination method of 
FA+aeration+UV-Vis+TiO2-GO photocatalysis plus the aerobic activated 
sludge biodegradation process, a series of experiments were carried out in 
flasks in the shaken-flask experiments. In the first photocatalysis stage, 200 
mL MO dye solution with the initial concentration of 200 mg∙L-1 was placed 
in a flask under the Xenon lamp irradiation for photocatalysis to continue for 
different duration as desired, and the solution with partially degraded 
intermediates was then transferred into a 250 mL flask inoculated with the 
activated sludge for biodegradation. Unlike in the biodegradability test, the 
concentration of activated sludge in this part of study was set at 2 g∙L-1 (in 
terms of MLSS). This was to make it similar to the concentration used in the 
aerobic activated sludge tank reactor. Other conditions in the biodegradation 
process were the same as those described in the biodegradability test in 
Section 6.2.4. The concentration of MO dye in each of the samples was 
characterized by a UV-Vis spectrophotometer (Jasco V-660) at ƛmax=465 nm 
(neutral or basic pH) or ƛmax=500 nm (acidic pH). The TOC value of the 
sample was measured via a TOC-VCPH analyzer with ASI-V autosampler 
(Shimadzu). The analysis of the degradation of MO dye and production of 
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intermediates was carried out by HPLC using the same method as described 
previously (see Chapter 4, Page 56). 
The investigated combinations of photocatalysis plus biological degradation 
process included: 
1) 2 hours of photocatalysis of MO dye by FA+aeration+UV-Vis+TiO2-
GO followed by 24 hours of biological degradation; 
2) 6 hours of photocatalysis of MO dye by FA+aeration+UV-Vis+TiO2-
GO followed by 24 hours of biological degradation; 
3) 6 hours of photocatalysis of MO dye by FA+aeration+UV-Vis 
followed by 48 hours of biological degradation; 
4) 6 hours of photocatalysis of MO dye by FA+aeration+UV-Vis 
followed by 18 hours of biological degradation and then another 6 
hours of photocatalysis by FA+aeration+UV-Vis+TiO2-GO followed 
by 18 hours of biological degradation. 
6.2.6 Treatment of MO dye in solutions by the coupled system of 
photocatalysis plus biological degradation in the lab scale set-
up 
The MO dye solution with the initial concentration of 200 mg∙L-1 and a 
volume of 3 L was treated by the coupled system of photocatalysis plus 
biological degradation in the lab scale reactors schematically shown in Figure 
6.1.  
MO dye was treated by FA+aeration+UV-Vis and TiO2-GO composite 
photocatalyst in two runs. FA+aeration+UV-Vis were first applied for the 
degradation of MO dye in the tank. The treated MO dye solution was then 
neutralized to pH 6.5 to 7.5 using NaOH and enriched with necessary nutrients 
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including KH2PO4, K2HPO4, (NH4)2SO4, CaCl2, FeCl3 and MgSO4 as 
described in Section 6.2.4 and 6.2.5, and then introduced into the activated 
sludge tank A to perform the biological treatment in the mode similar to the 
sequential batch reactor (SBR). The activated sludge process was operated as 
described in Section 6.2.2 and 6.2.3 early. After the biological degradation for 
18 hours, and the content in the tank was allowed to settle for 30 min, the 
supernatant in Tank A was then pumped back to the photocatalysis tank for 
the enhanced photocatalysis by FA+aeration+UV-Vis+TiO2-GO for 6 hours if 
the MO dye solution was not fully treated. After that, the treated solution was 
delivered to the activated sludge tank B to perform the final stage of biological 
degradation under the same operation parameters for activated sludge tank A. 
For the MO dye solution with low concentration (25 mg∙L-1), only one run of 
photocatalysis by FA+aeration+UV-Vis+TiO2-GO for 6 hours and one run of 
biological degradation for 18 hours was performed. And a comparison of the 
degradation efficiency for 200 mg∙L-1 MO was conducted among the 
integrated system, pure biodegradation and pure AOP for 48 hours.  
During the course of the experiment, the solution temperature and pH were 
monitored and controlled. The pH was around 3.0 during the photocatalysis 
stage and within 6.5 to 7.5 during the biological treatment stage. The 
temperature was maintained at 22±0.5 °C for all the photocatalysis and 
biological tanks. At the beginning and the end of each stage, samples were 
taken from the corresponding tanks. Samples were filtered with 0.45 µm PTFE 
syringe filters to remove the suspended particles and biomass in the samples 
and were then measured for their light absorbance and TOC contents. The 
concentration of MO dye was measured by a UV-Vis spectrophotometer 
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(Jasco V-660) at ƛmax=465 nm (neutral or basic pH) or ƛmax=500 nm (acidic 





6.3  Results and discussion  
6.3.1 Performance during the activated sludge cultivation process 
During the cultivation of the activated sludge obtained from a WWTP in 
Singapore, the TOC removal value (∆TOC), MLSS, SV30 and SVI were 
monitored as the main process parameters. Glucose and glutamic acid were 
applied as the carbon sources to feed the activated sludge, along with the 
needed N, P and other trace minerals. The HT of the cultivation period was set 
as 23 hours. Before and after each HT cycle, samples were taken to measure 
TOC, MLSS, SV30 and SVI.  
After 15 days of cultivation, the microorganisms were found to be adapted to 
the lab study conditions. Figure 6.2 shows the variations of the TOC data of 
the influent, effluent and TOC removal during the 15 days of cultivation 
period of the activated sludge. The influent TOC was gradually increased from 
100 mg∙L-1 to 400 mg∙L-1 in 15 days. The effluent TOC was at below 10 mg∙L-
1
 in the first 5 days, but fluctuated during the period of 5 to 10 days and finally 
became stable at around 20-30 mg∙L-1 after the 10th day. At the end of the 15 
days cultivation, the daily TOC removal rate reached above 90%. The results 
indicated that the activity of the sludge was acclimated to the lab conditions. 
Figure 6.3 shows the evolution of the MLSS and SVI of the activated sludge 
system during the 15 days’ cultivation stage. After a steep drop in the 
beginning or the first 4 days of cultivation, microorganisms adapted to the new 
environment and started to grow. The MLSS in the system increased from 
1400 mg∙L-1 on the 4th day to 2400 mg∙L-1 afterwards. SVI is often another 
important index characterizing the activated sludge process because SVI is 
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influenced by the sludge settling ability and MLSS; see Eq. (6.2). SV30 can 
vary greatly with the presence of filamentous organisms, etc. (Sezgin, 1982). 
For an activated sludge plant in stable operation, the common range of the SVI 
values should fall within the range of 50 and 150 (Templeton et al., 2011). It 
can be found in Figure 6.3 that on the 1
st
 day, the SVI value of the system was 
as high as about 410. Then it dropped and fluctuated between the range of 
around 125 and 200 in the next few days. From the 9
th
 day to 15
th
 day, the SVI 
value further dropped and maintained in the range of 25 to 125, which 
indicated that the settling property of the activated sludge in the lab system 
reached the expected normal state.  
Figure 6.2 TOC data showing the evolution of the performance of the 





Figure 6.3 Variation of the MLSS (mg∙L-1) and SVI values of the activated 
sludge system during the cultivation stage 
6.3.2 Biodegradability of MO dye after pretreated by 
photocatalysis and biodegradability of FA added 
Biodegradability enhancement of MO dye after photocatalysis and the 
biodegradability of FA and the original MO dye were characterized by the 
biodegradation efficiency, Ef defined in Eq. (6.3) and described in Section 
6.2.4. The mineralization effect in terms of TOC change is plotted against the 
time of the biodegradability test and the results are shown in Figure 6.4, with 
the calculated Ef values given in Table 6.1.  
Sample 
name 
b c d e f g 
Ef* 17 21 40 17 88 98 
*Note: TOCm is calculated as the average TOC value of the blank medium 
during the biodegradability test 
Table 6.1 Ef values for various sample solutions evaluated from the results 
obtained in the biodegradability test (the details of the sample names of b, c, d, 
e, f and g are given in the caption of Figure 6.4) 
 119 
 
Figure 6.4 Variations of TOC of various samples during the period of the 
biodegradability test. a. Blank medium; b. 200 mg∙L-1 MO solution; c. 200 
mg∙L-1 MO solution after 1 hour of photocatalysis; d. 200 mg∙L-1 MO solution 
after 2 hours of photocatalysis; e. MO solution with the TOC value equal to 
that of 200 mg∙L-1 MO dye after 2 hours of photocatalysis; f. FA solution with 
the TOC value equal to that of 200 mg∙L-1 MO dye; g. FA solution with the 
TOC value equal to that of 200 mg∙L-1 MO dye after 2 hours of photocatalysis 
From the results of Samples b (200 mg∙L-1 MO solution), c (200 mg∙L-1 MO 
solution after 1 hour of photocatalysis) and d (200 mg∙L-1 MO solution after 2 
hours of photocatalysis), one can find that the MO solution (b) was relatively 
non-degradable, with a low Ef value of 17%. After the photocatalysis through 
the FA+aeration+UV-Vis+TiO2-GO system for 1 hour, the Ef value for the 
MO solution (c) increased to 21% and that for MO solution (d) became as high 
as 40% after 2 hours of the photocatalysis. The results indicated that MO dye 
molecules were indeed broken down and the intermediates generated in the 
photocatalysis process were more biodegradable. The Ef values for Samples b 
and e (e is for the MO solution with TOC content equal to that of the 200 
mg∙L-1 MO solution after 2 hours of photocatalysis) were the same at 17% (see 
Table 6.1), and the TOC degradation curves for the two solutions also showed 
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similar trends of changes in Figure 6.4. The results reveal that for MO dye 
solutions that were not pre-treated by photocatalysis, their initial 
concentrations of MO dye did not affect their nature of non-biodegradability. 
This again supports the general understanding that MO dye is inherently 
refractory compound. On the other side, high Ef values for Samples f (FA 
solution with TOC content equal to that of 200 mg∙L-1 MO dye solution) and g 
(FA solution with TOC content equal to that of 200 mg∙L-1 MO dye solution 
after 2 hours of photocatalysis) were obtained, at 88% and 98%, respectively. 
The results confirmed that FA was indeed highly biodegradable and can be 
easily removed by a biological process. 
As one of a small molecular organic acid, FA has a simple chemical structure 
with only one carbon atom. Some researchers have also shown that FA was 
produced as main intermediate by-products during the treatment of recalcitrant 
wastewater, including dye wastewater (Antonin et al., 2015; Qu et al., 2015; 
Qu et al., 2014), and it was found that the biodegradability of the wastewater 
increased with the generation of the small molecular acids, such as FA (Lopez 
et al., 1998). In the literature, there are also reports showing that FA can be 
adopted by microorganisms for their metabolism activities not only under 
anaerobic condition but also aerobic conditions (Bunescu et al., 2008; Yatong, 
1996). Moreover, it has been reported that mixing an easy bio-degradable 
carbon source with the recalcitrant wastewater can improve its biodegradation 
performance (Brosillon et al., 2008). Hence, based on the experimental results 
in this study and the literature data, the presence of FA in the MO dye solution 
pre-treated by photocatalysis at least has positive effect on the biological 
degradation efficiency of the MO dye in the following biological process. As a 
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result, 2 hours of photocatalysis by the FA+aeration+UV-Vis+TiO2-GO 
system was selected as the pre-treatment of MO dye solutions before the 
biological degradation process.  
6.3.3 Performance of MO dye removal in coupled photocatalysis 
plus biodegradation system in shake flasks 
According to the results in Section 6.3.2, after 2 hours of photocatalysis by the 
FA+aeration+UV-Vis+TiO2-GO system, the biodegradability of the MO dye 
solution improved greatly and reached the Ef value of 40%. Hence, the first 
experiment in this part was done for the 200 mg∙L-1 MO dye solution by 
combining 2 hours of photocatalysis (by FA+aeration+UV-Vis+TiO2-GO) and 
24 hours of biological degradation (activated sludge process with MLSS=2 
g∙L-1 in a shake flask). In order to evaluate the effect of photocatalysis with a 
longer time on the overall degradation performance, 6 hours of photocatalysis 
by the FA+aeration+UV-Vis+TiO2-GO system was also conducted, followed 
by 24 hours of the biological degradation process under the same condition as 
above. The results are shown in Figure 6.5. 
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Figure 6.5 TOC removals for the 200 mg∙L-1 MO dye solution treated by 2 
hours photocatalysis or 6 hours photocatalysis followed by 24 hours biological 
degradation 
At the photocatalysis stage, the TOC removal rate after 2 hours or 6 hours of 
photocatalysis was at 45% or 48%, respectively. In other words, only 3% more 
TOC removal rate was achieved by extending 4 hours more of the 
photocatalysis, suggesting that it may not be a good solution by using 
photocatalysis alone for mineralization of MO dye. However, in the next stage 
of biological degradation, 27% TOC reduction of the MO dye solution was 
achieved after 6 hours of photocatalysis. The TOC removal rate all together 
(photocatalysis plus biological degradation) was 75%. In comparison, only 18% 
removal was obtained in the biological process for the MO dye solution after 2 
hours of photocatalysis, reaching totally 63% TOC removal altogether with 
the photocatalysis. The results suggest that longer hours of photocatalysis 
indeed produced more intermediates and resulted in higher biodegradability of 
the MO dye solution even though the longer photocatalysis did not cause more 
mineralization of the MO dye. Therefore, enhancing the biodegradability and 
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producing more biodegradable intermediates in the photocatalysis stage is of 
importance in optimizing the following biological treatment process for MO 
dye wastewater treatment. Although the degradability of MO dye solution 
after 2 hours of photocatalysis appeared to be improved (Ef=40%), the 
biodegradability of MO dye can be further enhanced by a longer period of 
photocatalysis, which increased the overall treatment performance.  
In Chapter 5, we showed the results in using 6 hours of degradation by the 
FA+aeration+UV-Vis system to treat the 200 mg∙L-1 MO dye solution. The 
TOC removal rate at the end of 6 hours in that system was comparable to the 
result using the FA+aeration+UV-Vis+TiO2-GO system in the present work. 
In consideration of saving the cost of materials, experiments were further 
conducted to compare the performance of using 6 hours pre-treatment 
followed by 24 hours biological treatment process, with a difference in the 
system of FA+aeration+UV-Vis+TiO2-GO or FA+aeration+UV-Vis to be 
used. The obtained experimental results are shown in Figure 6.6.  
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Figure 6.6 Changes of TOC degradation rates for 200 mg∙L-1 MO dye solution 
treated by 6 hours pre-treatment+24 hours biological process with different 
systems: FA+aeration+UV-Vis+TiO2-GO, or FA+aeration+UV-Vis 
After 6 hours of treatment, the TOC removal rate was 48% and 52% 
respectively with the systems of FA+aeration+UV-Vis+TiO2-GO and 
FA+aeration+UV-Vis. At the end of the 24 hours of biological treatment, their 
total TOC removal rates were about the same, both at 75%. The very close 
TOC removal rates with the two different systems indicate that during the long 
period (i.e., 6 hours), for the 200 mg∙L-1 MO dye solution, the added FA was 
efficient and played a decisive role rather than TiO2-GO. One of the reasons 
may probably be that the limited active sites on the surface of the TiO2-GO 
composite photocatalyst were occupied by the adsorbed intermediates 
generated during the course of the photocatalysis (Liu et al., 2007; Chen et al., 
2012; Besson et al., 2003). The deactivation of the TiO2-GO composite 
photocatalyst might take place in the 6 hours of photocatalysis as well. Since 
the composite photocatalyst carries cost, using the system FA+aeration+UV-
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Vis to oxidize MO dye in the first 6 hours of pre-treatment for the following 
biological process can be an adequate and economical decision.  
Next, on the basis of this consideration, following experiments examined the 
biological process with extended treatment time from 24 hours to a longer 
period of 48 hours, after the 6 hours of treatment of the MO dye by 
FA+aeration+UV-Vis. This is to investigate after the same degree of pre-
treatment, whether the following biological degradation process can achieve a 
satisfactory treatment for the 200 mg∙L-1 MO dye solution. The results are 
shown in Figure 6.7. In the first stage of treatment by FA+aeration+UV-Vis, 
51.4% of TOC removal was reached. The TOC remaining further dropped in 
the first 24 hours of the biological treatment, which brought about 23.1% of 
TOC removal by the microorganisms, resulting in a total of 74.5% TOC 
removal by FA+aeration+UV-Vis and the biodegradation. However, when the 
biodegradation period was extended longer from 24 to 48 hours, the TOC 
remaining in the solution did not decrease further, suggesting that the 6 hours 
of pre-treatment by the system of FA+aeration+UV-Vis was not enough for 
the complete mineralization of the MO dye solution.  
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Figure 6.7 Changes of TOC remaining for the 200 mg∙L-1 MO dye solution 
treated by 6 hours in the FA+aeration+UV-Vis system followed by 24 and 48 
hours of biological degradation process 
In this regard, another round of photocatalysis + biodegradation was applied in 
order to examine whether the mineralization of MO dye can be further 
improved. The entire process thus included 6 hours of pre-treatment by 
FA+aeration+UV-Vis and 18 hours of biological degradation and another 6 
hours of photocatalysis by FA+aeration+UV-Vis+TiO2-GO and 18 hours of 
biological degradation. The results on the changes of the TOC remaining and 
on the decolorization are present in Figure 6.8 and Figure 6.9, respectively. 
In the previous experiment, we noted that the MO dye solution with the initial 
concentration of 200 mg∙L-1 can be favourably oxidized by FA+aeration+UV-
Vis without the TiO2-GO composite photocatalyst in the first stage of pre-
treatment. This is the reason that in the present study, in the first 6 hours, the 
system of FA+aeration+UV-Vis was again employed. According to the 
previous results, the first 6 hours of pre-treatment achieved more on the 
decolorization of the MO dye. Then during the 18 hours of biological 
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degradation, it was found that a further 8.3% of decolorization rate and 17.9% 
of TOC removal was achieved. The result may indicate that the biological 
degradation process was more efficient in the degradation or mineralization of 
the intermediates generated by the pre-treatment of MO dye than in the MO 
dye molecules directly. At the end of the first 24 hours of treatment, the 
decolorization rate was found to be 85.3% and the TOC removal rate was 
65.3%.  
Figure 6.8 Variation of TOC removal rate during the 48 hours treatment 
period using the two stages of combined photocatalysis and biological 
degradation (1. Initial solution; 2. After 6-hour treatment by 
FA+aeration+UV-Vis; 3. After further 18-hour biological treatment; 4. After 
another 6-hour photocatalysis by FA+aeration+UV-Vis+TiO2-GO; 5. After 
another 18-hour biological degradation 
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Figure 6.9 UV-Vis spectra of MO dye during the 48 hours treatment period 
using the two stages of combined photocatalysis and biological degradation 
(the reduction in the peak area suggests the decolorization effect) 
In the second 24 hours, 6 hours of photocatalysis by FA+aeration+UV-
Vis+TiO2-GO was conducted to further decolour the dye solution and transfer 
the remaining MO dye molecules into biodegradable intermediates. In this 
step, the TiO2-GO composite photocatalyst was employed along with FA to 
obtain a synergetic decolorization effect of MO dye solution. This concept has 
been tested and discussed in Chapter 5, see Figure 5.1. After 24 hours 
treatment, the remaining concentration of MO dye was comparable with the 
concentration tested in Figure 5.1 and the results in Figure 5.1 clearly revealed 
a synergetic effect between TiO2-GO and FA+aeration+UV-Vis in the 
treatment of MO dye with a relatively low concentration. Also as indicated in 
Figure 5.1, applying FA+aeration+UV-Vis+TiO2-GO was able to achieve 
decolorization of the MO dye solution very effectively. Hence, this 




 hour to optimize the 
dye decolorization in the present study. At the end of the 30
th
 hour, up to 90% 
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of decolorization was achieved after the 6 hours of photocatalysis. At the end 
of the 48 hours, 90% of TOC removal was obtained, along with the 90% of 
decolorization. Figure 6.10 shows the different colors for the samples taken at 
the beginning (0 h) and end (48 h) of this combined process. The HPLC 
results showed in Figure 6.11 also demonstrated that the MO dye was nearly 
degraded after 48 hours of treatment. The peak at the retention time tR=7.5 
min, which represented the MO dye, decreased to minimal. 
 
Figure 6.10 Photograph showing the colour change of the MO dye solution at 
the beginning (0 h) and end (48 h) of the treatment process combining 
photocatalysis and biological degradation 
 
Figure 6.11 HPLC results at the beginning (0 h) and end (48 h) of the 
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treatment process combining photocatalysis and biological degradation 
(Detective wavelength=272 nm) 
6.3.4 Preliminary performance in lab scale set-up using combined 
system of photocatalysis plus biological process 
In this part, a lab scale reactor system that used a combination of enhanced 
photocatalysis and biological process was set up and operated, on the basis of 
previous experimental results obtained. The picture of the system in operation 
was shown in Figure 6.12. 
Figure 6.12 Photograph showing the operation of the system combining 
photocatalysis and biological degradation process (a. UV-Vis light off; b. with 
UV-Vis light on) 
We operated the system to treat MO dye solution in three successive runs. 3 L 
of 25 mg∙L-1 MO dye solution was treated in the photocatalytic reactor by the 
system of FA+aeration+UV-Vis+TiO2-GO. The initial concentration of FA 
was 0.005 M and the TiO2-GO amount was at 50 g∙L
-1
. The photocatalysis 
process continued for 6 hours, which was found to achieve nearly complete 
decolorization. Then, the pH of the solution was adjusted to the range of 6.5 to 
7.5 and the solution was then introduced into the bioreactor for another 18 
hours for further decolorization and TOC removal. The results obtained from 
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three successive runs are shown in Table 6.2. The decolorization rates for the 
three runs were above 98% or nearly 100%, and the TOC removal rate was at 
around 76% -77%, which was satisfactory. 
Run No. R1 R2 R3 
Decolorization (%) 98.7 98.9 98.8 
TOC removal (%) 77.3 76.2 76.7 
Table 6.2 Decolorization rate and TOC removal rate for the 25 mg∙L-1 MO dye 
solution (3 L) in three successive runs by the lab-scale system combining both 
photocatalysis and biological degradation processes 
After that, 3L 200 mg∙L-1 MO dye solution was treated in this system for 
another three successive runs, each lasting for 48 hours. The initial 
concentration of FA was 0.002 M and the TiO2-GO amount was 50 g∙L
-1
 
according to the optimal conditions figured out in Chapter 5 and Chapter 6. 
The results obtained from the three successive runs are shown in Table 6.3. 
The average decolorization rate for the three runs was around 80%, and the 
average TOC removal rate was about 63%, which demonstrated a relatively 
stable treatment performance achieved in a continuous operation. 
Run No. R1 R2 R3 
Decolorization (%) 81.2 79.5 80.6 
TOC removal (%) 64.8 62.3 62.9 
Table 6.3 Decolorization rate and TOC removal rate for the 200 mg∙L-1 MO 
dye solution (3 L) in three successive runs by the lab-scale system combining 
both photocatalysis and biological degradation processes 
Finally, the degradation efficiencies of 200 mg∙L-1 MO dye in the integrated 
system, in pure biodegradation system and in pure AOP system after 48 hours 
were compared. From the results, pure biodegradation obtained lowest color & 
TOC removal rates among the three processes (38% and 36% respectively), 
and the integrated system achieved best performance. Although the 
degradation results of pure AOP (77% color removal and 57% TOC removal) 
are close to those of integrated system, it should be noticed that pure AOP 
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applied continuous irradiation during 48 hours, but integrated system only 
applied 12-hour irradiation. Thus, pure AOP system may consume more 






In this part, the combination of enhanced photocatalysis and biological 
degradation was examined for its advantages in MO dye degradation or 
removal. The biodegradability test confirmed that the FA employed during the 
photocatalysis pre-treatment of MO dye solution was highly biodegradable, 
and the biodegradability of MO dye solution pre-treated by the enhanced 
photocatalysis process was greatly improved. The results confirmed that MO 
dye can form biodegradable intermediates in the solutions by the 
photocatalytic pre-treatment.  
It was also found that a shorter duration of photocatalysis usually resulted in a 
lesser amount of biodegradable intermediates, which may not be favourable 
for the following biological treatment process. Although photocatalysis 
process can achieve certain decolorization and mineralization of MO dye, the 
generation of more biodegradable intermediates may be the most important 
aspect for the process to be used as a pre-treatment. Therefore, an adequately 
longer duration of the photocatalysis process was beneficial for the following 
biodegradation treatment of the MO dye wastewater.  
The combined process was able to achieve up to 90% of TOC removal and 
decolorization in two repeated runs, each of which had duration of 24 hours. 
Photocatalysis was found to be effective in decolorization of MO dye solution 
whereas the aerobic activated sludge process can be effective in TOC removal 
for the MO dye solution after photocatalysis pre-treatment. It was observed 
that the addition of TiO2-GO composite photocatalyst enhanced the rate of 
decolorization at low MO dye concentration, but its effect was not significant 
at higher MO dye concentrations, probably due to the active sites on the 
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surface of TiO2-GO and the oxidative species produced in the system were not 
sufficient for such high MO dye concentrations.  
The successive operation of the lab-scale reactor system demonstrated the 
success that the integrated photocatalysis and biodegradation process 
effectively and sustainably achieved the decolorization (>98%) and 
mineralization (>76%) for the MO dye solution with an initial concentration of 
25 mg∙L-1, and a stable decolorization (80%) and mineralization (63%) for the 
MO dye solution with an initial concentration of 200 mg∙L-1. By comparing 
the integrated system with pure biodegradation system and pure AOP system, 
it was found that integrated system has advantage in cost-effectiveness than 
the other two systems. Thus, the lab-scale system operation results showed 






Chapter 7 Conclusions and recommendations 
 
 
7.1  Conclusions 
Improving the efficiency of dye wastewater treatment is of great social and 
environmental significance all over the world. Advanced Oxidation Processes 
(AOPs) have shown some promises in dye wastewater degradation. However, 
the high costs of the traditional AOPs, due to the consumption of energy and 
expensive reagents have hindered the industrialization of their applications. 
Hence, to obtain a more efficient and economical solution, selected AOPs can 
be integrated with other cheaper processes to achieve higher level of 
decolorization and mineralization for the dye wastewater at possibly reduced 
cost. With this in mind, we successfully developed a new and enhanced 
photocatalysis process that used TiO2-GO composite photocatalyst with 
formic acid (FA) to achieve improved performance by generating more of the 
powerful oxidants. We also attempted to combine the enhanced photocatalysis 
process with the biological degradation process for MO dye decolorization and 
mineralization in order to potentially increase the overall treatment efficiency 
and lower the operational cost.  
In the first part, a buoyant TiO2-GO composite photocatalyst was successfully 
prepared under facile conditions, which achieved enhanced light absorption 
rate in the visible light range (400-700 nm), and lowered the band gap energy 
for the prepared composite photocatalyst. Parameters such as GO mass ratio in 
the composite photocatalyst and solution pH were found to have effect on the 
photocatalytic activity of the obtained TiO2-GO composite photocatalyst. 
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In the second part, a small molecule, formic acid (FA), was applied as a 
process enhancer in the degradation of methyl orange (MO) dye as a model 
recalcitrant pollutant in aqueous solutions under the condition of UV-Vis light 
irradiation plus air aeration at ambient temperature. It was found that 
decolorization of the dye solution was rapidly achieved, reducing the time 
from 17.6 h without FA to less than 2 h with the presence of FA. 
Mineralization rate of MO dye, as confirmed from the total organic carbon 
(TOC) analysis, reached as high as 81.8% in 1.5 h for the initial MO dye 
concentration of 25 mg∙L-1. This is in contrast to nearly no mineralization for a 
similar system without the FA added. The study revealed that the generation 
of H2O2 species in the system was enhanced and the produced OH∙ radicals 
contributed to the effective degradation of the MO dye. The variation of the 
initial concentration of MO dye, FA dosage and solution pH was all found to 
have some impact on the degradation efficiency under the same strength of 
UV-Vis light irradiation and air aeration. The MO dye degradation 
performance was found to follow a pseudo-first-order reaction kinetics, and 
there existed a positive correlation between the reaction rate constant and the 
initial FA concentration. HPLC analysis confirmed that during the degradation 
process, various intermediates of MO dye were produced. Compared to the 
traditional H2O2/UV-Vis oxidation system, the use of a small molecule, such 
as FA, as a process-enhancing species, has the advantages of low cost, and 
easy availability. 
In the third part, enhanced photocatalysis process using the TiO2-GO 
composite photocatalyst together with FA was examined for the performance 
in the degradation of MO dye solution at a relatively high concentration. 
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Different modes dosing of TiO2-GO and FA into the reactor as well as their 
dosing time points were evaluated and compared to find an optimal 
performance for the combined system. It was found that although a certain 
amount of TOC removal was reached, the TOC removal almost completely 
ceased after 2 hours of the combined treatment and the decolorization was also 
not complete. Therefore, a further treatment following the integrated 
photocatalysis appeared to be necessary for improving the treatment efficiency 
of MO dye at high concentrations.  
In the last part, the enhanced photocatalysis process was further integrated 
with a biological degradation process. According to the biodegradability tests, 
MO dye after the photocatalysis pre-treatment changed its property from 
refractory to biodegradable, due to the generation of intermediate compounds 
that are more biodegradable. The biodegradability of MO dye also improved 
with the increase of the photocatalysis treatment time. The preliminary tests 
were conducted in flasks to investigate the feasibility of integrating the 
photocatalysis process with the aerobic biodegradation process. The results 
suggest that longer hours of photocatalysis produced more intermediates and 
resulted in higher biodegradability of the MO dye solution. The preliminary 
tests also showed that biological degradation process was more efficient in the 
degradation or mineralization of the intermediates generated by the pre-
treatment of MO dye than in that of the MO dye molecules directly. In 
addition, a multi-stage treatment by the system of FA+aeration+UV-Vis 
followed by the biological treatment, plus the system of FA+aeration+UV-
Vis+TiO2-GO and another run of biological treatment achieved good 
decolorization and TOC removal for the 200 mg∙L-1 MO dye solution. Based 
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on the test results, a lab scale reactor system was set up and run continuously 
for treating MO dye solution. The preliminary results achieved satisfactory 
treatment efficiency for the 25 mg∙L-1 and 200 mg∙L-1 MO dye solutions. 
These results, although highly preliminary, provide some useful information 
for future development in further scale-up and its real application for MO dye 
wastewater treatment.  
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7.2  Suggested future studies 
An integrated photocatalysis and biological degradation process was 
developed for dye wastewater treatment in this thesis. The photocatalysis 
process with a self-prepared TiO2-GO composite photocatalyst was enhanced 
by adding FA as a process enhancer to generate more strong oxidants. The 
combination of the two mechanisms showed a distinctive synergetic effect on 
the MO dye degradation at lower concentrations, as well as improved 
biodegradability of MO dye at higher concentrations, which is favourable as a 
pre-treatment for MO dye to be further treated in a following biological 
process. The biological treatment can also effectively remove any FA 
remained after the photocatalysis process and those intermediates of MO dye 
generated in the photocatalytic process. 
However, there are issues that remain and need to be solved for this process. 
We have found that the synergetic effect between TiO2-GO and FA became 
less significant for MO dye at higher concentrations, and the degradation 
kinetics is not the same as that for MO dye at lower concentrations. Hence, 
more complicated degradation mechanisms may exist in the enhanced 
photocatalysis process, which should be explored in the future. Since FA can 
be partially ionized in water, this may cause the change of solution pH and ion 
concentration, which may have an effect on the performance of the combined 
degradation process. Considering that dye wastewater usually contains a 
considerable amount of inorganic salts, one may expect these factors to have 
some influence on the photocatalytic treatment process (Niu et al., 2014). 
There have been reports showing that inorganic salts have positive (Aguedach 
et al., 2008) or negative (Dong et al., 2007) effects on the photocatalysis 
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process of different dyes in aqueous solutions. Thus, future works should 
include a thorough evaluation of the combined TiO2-GO plus FA process in its 
performance with the presence of those inorganic salts commonly existed in 
real dye wastewater.  
On the other hand, the integrated system of photocatalysis and biological 
degradation still has many process parameters or conditions to be optimized. 
As a system to be scaled up, the photocatalytic reactor should be developed for 
better light distribution, mass transfer efficiency and mixing in the reactor. 
The light source should also be properly designed and set up to maximize the 
light utilization efficiency. In addition, the time duration for each process 
stage in the combination should be examined. Furthermore, on-line water 
quality monitoring device is helpful to monitor the real-time conditions in the 
photocatalytic reactor and bioreactor.  
Last but not least, in this thesis MO dye was used as the target dye pollutant. 
Since there are many different types of dyes widely applied in various 
industries, efforts may be made to expand the integrated treatment process in 
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